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Metal was first accidentally smelted at some time in 
the remote past. We, who look back along the dim vista 
of the ages, stand astonished at the consequences. With 
the smoke of that lowly campfire there rises the vision 
of achievements unbelievable, of bridges thrown over 
gulfs of space, of steel roads that thunder with the 
traffic of continents, of whispering wires that flash the 
news of the day around the earth, of other metallic 
threads that bring the energy of the mountain torrent 
into the innermost chamber, of many-storied buildings 
that top the tallest tree, of machines that fly above the 
rnountain crests and thread the clouds of heaven, of all 
that brought man from the darkness of the jungle into 
the glory of the sunlight, from savagery into civilization 


From an inscription written 
Exposition by T. A. Rickard. 


for the San Francisco 
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Preface 

TO THE SECOND EDITION 


Three years of use have not changed materially the general out¬ 
line of this textbook, although experience has dictated the following 
additions and changes. 


1. It has been found that sophomore courses, on a college level, 
in elementary metallurgy are common enough in institutions 
offering degrees in metallurgical engineering to permit the dele¬ 
tion of considerable descriptive matter and many sketches hav¬ 
ing to do with such apparatus as crushers, grinders, thickeners 
and filters. ’ 


2. Illustrative problems have been added to show the methods 
co^only used m industry for calculating furnace charges, gas 
volumes, recoveries, and efiiciencies. 

3. A new chapter has been added in which the application of 

physical chemistry to metallurgical processes is discussed and 
typical problems are solved. 

4. As a result of scientific developments during World War II 
much new material has been added to the chapters devoted to 
aluminum, magnesium, nickel, and tin. 

">'"'‘■7, especially 
standpoint of our recent wartime experience, has been 
added to every chapter. The author feels that every American 
citizen should be made aware of the vulnerable position of this 
country as regards adequate supplies of certain important min- 

S •: sTet ofLtlrbe 

ef. It is the hope of the author that those who use the text 
book will use the tables of production, consumptioraXS 

nlic Sal"“" of our*^ eco- 
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Preface 


TO THE 


first edition 


rnearl tpxtbooks Rud haudbooks of 
In recent years a great J been written. Mean- 

physical metallurgy gjbilct of production metallurgy, 

while few have appeared handbooks contam- 

Of these few some are voluminous nnsuited to classroom 

ing a wealth of information, but a t g^^ ^ 

instruction; others, m an effor concentra- 

only the production of iron ’ ^^^^por believes that with 

tion, metallography, an py • demand for purer 

the depiction of our high-gr reducing and refining non- 

metals, more attention mu Metallurgical engineering devote at 

ferrous ones. Most ^omferrous metallurgy; yet few 

?:lry“orhTs ;leravai,the. imve convinced the author that 
such a book. 
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XI 


1. Should have very simple line drawings which show only the 
principal parts and dimensions. These parts should be clearly 
indicated. Working drawings of furnaces, converters, electro¬ 
lytic cells, etc., with their multiplicity of details frequently 
serve only to confuse the students. 

2. Should include no photographs for not only are these very ex¬ 
pensive to reproduce, but also often serve no useful purpose 
(one of a limestone quarry, of galena crystals, or of a slag 
dump, for example). It is far more effective to use lantern 
slides in class because, with the cheap and rapid photographic 
processes now available, these can cover a wider range of sub¬ 
jects and be changed from year to year to keep pace with tech¬ 
nological improvements in the industry. Furthermore, the 
lantern slides preserve a great deal of detail which is lost in 
the making of the half-tones. 

3. Should carefully and fully explain every process from a chemi¬ 
cal standpoint, but greatly condense the operating details. Such 
details, as well as special processes, can be explained in class 
by the instructor. 

4. Should keep to a minimum all statistical material and include 
only important producing countries or significant years. It is 
of little value to learn that Algeria produced six tons of mercury 
during a certain year when Italy produced one-half of the 
world’s production of 5000 tons. Space should be left in the 
tables so that the students can insert the figures for the current 
year. 

5. Should confine the subject matter to a very careful survey of 
non-ferrous production metallurgy to keep the book to a com¬ 
pass of 400 pages or less. 

The list of books and periodicals is large for not only are reading 
assignments made in the author’s classes from these books, but also 
all of them have contributed in a greater or less degree to the writing 
of the book. Statistical data are taken largely from the Minerals 
Yearbook and Mineral Industry. 

Many friends in industry have contributed freely, both criticism 
and material. The author is especially indebted to W. G. Woolf of 
the Sullivan Mining Company for flow sheets and data on electrolytic 
zmc; Robert Ammon of the American Zinc Company of Illinois for 
information on the distillation of zinc and cadmium; B. S. Crocker 
of Lake Shore Mines, Ltd., for metallurgical data and flow sheets of 
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CHAPTER 1 


INTRODUCTION 

1. Definition and History. Metallurgy may be defined as the 
art and science of extracting metals economically from their ores 
and adapting these metals to human utilization. It includes all the 
processes involved in separating the valuable minerals from the 
worthless gangue of the ore as well as the smelting, refining, and 
working of the valuable metal. It deals with the technical applica- 
tmns of chemical and physical principles to the concentration, extrac- 

lon, purification, alloying, and working of metals to meet the needs 
of mankind. 

The beginnings of metallurgy are hidden in the dim mists of pre- 
hstoric times Certainly Tubalcain was a metallurgist, for the 
ible tells us that he was "the instructor of every artificer of bronze 
and iron. Pliny (a.d. 23-79) in his Natural History, wrote- “We 
cannot but marvel at the fact that fire is necessary for almost'every 
operation. It takes the sands of the earth and melts them—now into 
glass, now into silver, minium or other lead, or some substance use¬ 
ful to the artist or physician. By fire, minerals are disintegrated 
and copper produced; in fire is iron born and by fire is it subdued- 

hlmes ‘o^other of the walls of 

uses . , fire is the immeasurable, uncontrollable element con¬ 
cerning which It IS hard to say whether it consumes more or mo- 

lated by Herbert and Mrs. Hoover several years ago 
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when naan discovered metals and became skilled in -daPting ‘hem 
tn human needs did our present civilization begin. Metal u g 

L Germany endeavored to dominate Europe. The Russians, alte 

‘S.’S sssss 

^^"2^ Discovery of Metals. The discovery of metals by man is also 

“ tint ricr' tit': -1 

malleable, man could fashion it mto 

ful tools and weapons; a relatively 

attracted to copper for it, too, is irequeuu^ 

rmlproduced these -native- metals. The real be- 

,0„d 3“' 3™®Blg 1ml is today, he repeated 
rierl t Being Zessful, ie improved the process and 
Ined to reduce lead (possibly lead was the first 3' 

assigned to a period as early as 3500 b.c. r>rn- 

dtdmlar»:Cn:’C^^ 

a nZp! esstZ InlcZ of steel, and thus had a pa^ 
mechanical, civil, or chemical engineer is demandmg new matcr.als 
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with which to accomplish new wonders and satisfy these needs and 
desires of mankind. 

3. Applications. The electrical refrigerator, faithful servant for 
many of us who are blessed with availability of the electrical cur- 
rent, owes its existence largely to the metallurgist. Through liis 
efforts, metals (pure and cheap) have been supplied to the mechani¬ 
cal and electrical engineers who have developed the principle and 
the machine. These engineers are dependent upon cheap and con¬ 
stant supplies of pure copper for the cooling coils by means of which 
eat IS extracted from the contents of the box, as well as for the 
transformation and utilization of the electric current. They must 
a so use alloys that will resist corrosion, for many refrigerants are 
corrosive They demand new metals with which to make the con- 
tact points to resist the electric arc formed in making and breaking 
the current millions of times in the life of the machine. The metaN 
lurgist also must furnish metals of such a nature that the sparklincr 
white enamel, which every housewife admires and demands wilt 
adhere to the metal surfaces under the extremes of temperature and 
moisture to which they are exposed. 

wiriTiJ™ intimately tied up 

metallurgy. On close examination, we find that its principal 

parts are composed of castings. These castings-die castlnS-wkh 
s»d™wirth <"PP"»tly polished) are not made in a 

^ ^he castings of two generations ago. If such antiouatod 
methods were necessary, the machine would be too expens ve These 

in a machine in 

cooleV^T° Prossure is injected into water- 

beina T ** solidifies almost instantly. These molds 

being of metal, may be highly finished and, having a long life fhev 
serve to produce many thousands of castings Not onlv are f 

r.”.; z Sz: .1*7— r “ 

alloys at the high temperatureTeTptoyed 

Of alloys in autoLbiles bridges important role 

tonners, and airplanes.' and th; suprSy TpTrtTTlT ‘Xh 
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jnir lifp \vp qi’e forced to confess that per- 

r: . a.... «..a. 

‘Tn'^vbw'o/the fact that the automobile oocup.es such an im- 

portauT^ace roue nat.oual ecoucuy (34,764,996 cars and trucks 

were registered in 1941), some new figures on the •'"''“'6® 

tion of copper iron, and steel in this industry, from the \\ar Pro 
tion ot coppei, , Weighted by the respective pro¬ 
duction Board, are given below. W eigmea oy ' 

duction of the various makes of passenger cars, on November, 

, * rtn fr^llnTXrC* 


Radiator 


Pounds 

20.8 

Electrical system 


13.6 

A O 

Heater 


4.0 

rk A 

Plating 


2.4 

Other copper and alloys 

10.5 

Total 


52.1 

and steel as follows; 

Iron 


641.5 

Steel 

Carbon 

2863.4 


Stainless 

14.6 



Alloy 


287.3 


Total steel 3165.3 

For one of the 2.5-ton trucks built for the Anny rnore than 11,000 

I 1 ollnv t;toel Cray and malleable iron arc ic 

pounds of carbon and alloy steel, g y 

materials is: 

30 poumls per truck 
Copper 70 pounds per truck 

Aluminum 20 pounds per truck 

Mannanese Sf) pounds per truck 

8 pounds per truck 
n libber 600 pounds per truck 

W ' 32 pounds per truck 

on the basis of a production of 2 
rc;i 00 , 0 :;Ts o, steel, are involved_a considerable econonuc 
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loss to the nation because in 43 years over 60 million cars have 
gone to the scrap pile, from which, particularly in the early days, 
we salvaged relatively small amounts of these scrap metals. 

The battle now going on between the makers of armor plate and 
the makers of projectiles has been waged for centuries. The pre¬ 
historic warrior was dependent on an oxhide shield for protection 
against the stone thrown by his enemies; the wooden walls of Troy 
may have resisted the boulders thrown by the first mechanical de^ 
ces used in warfare; the wrought iron of the Mernmac probably 
resisted satisfactorily the 18-pound projectile thrown by the guns 
the Monitor; but at this moment, although an 18-inch alloy steel 
or plate may resist a 2600-pound projectile thrown by our mod¬ 
ern guns, It will not withstand an atomic bomb. A similar str^l 
IS going on between the metallurgist and the designer. The electri- 
ca, mechanical, civil, or chemical engineer who is building new 
apparatus or devising a new process no longer works altogether with 
already existing materials. On the contrary, he usuallX^^^^^^ 
his new development along theoretical lines, demands of the Lta^ 

combinZ: 0 X™pertL''‘‘:nV M 

beat an„, the «.etaU„e^,-fet‘Thllver 
the electrical engineer may be ^ 0 !^ ” 

Thfrtj/ 

national aecnrUy aalpcrg^' 1 ““ 

ent of theZt ttfZld TZ’ ? " “'‘epend- 

States were found bouZZeupX^ot Zef 

induetry aid comZnZe the ™ ““ 

nately, such a happy condition no longer holS an°d t n a 
selves very dependent on other nations ^Tt i' / ’ fu ^ 

-bona Of aerea of foreata, morrXnlVd ‘C*:: ^ 
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1 the iace of the earth, and "VUtTons^ortrt^^^^^^ 

zinc; but we are entirely ^ep™ ‘ them for many 

vital raw materials, an P country does not produce one 

other important ones. Of m to think m terms 

single pound of primary metal, one^has time of 

of locomotives, machine tools, , armor plate in time of 

peace, or of automobiles, tanks, P™1 ’ ppUes of tin ore we are 

^^ar, to become aware u SeWemenl^ to Dutch East Indies. 

dep;ndent entirely on ‘he .Straits Settlernents th 

and Bolivia. Without this adustries, the canned- 

with which to seal the can, one ! industry m 

food industry, would d-sappear “"f “tlfriction metals. The 

general turn without tin in totally inadequate, supplies of 

toeful tale rolls on enamel-, of tungsten 

it^speed st.l, — tubes, e.ctrode^and 

rible dram and waste o situation is causing 

pleted our reserves of high-gra country is to develop its 

metallurgists great concern J>e“ ^o^d’s great na- 

economy and maintam its emergency, we must adjust 

tions, and be ^’remergTncy. Not only must we 

our technology ^ f'pet deposits but we must also develop 

rwVo" - r. 


Bituminous coal 

Anthracite coal 

Zinc 

Lead 

Copper 

Bauxite 

Mercury 

Molybdenum 

Tungsten 

Fluorspar 

1 The Iron Age, Oct. 18, 1045. 


2,767,791,000 short tons 
2 , 278,000 short tons 
3,642,000 short tons 
2 , 278,000 short tons 
6,000,000 short tons 
14,619,000 short tons 
223,000 flasks 
223,619,000 pounds 

20,760 short tons 
1,716,000 short tons 


STOCKPILING 


It is true that we have barely touched the available supplies of 
coal, magnesium, and molybdenum but we have mined more than 
one third of our commercial iron ore reserves and 40 per cent of 
the fluorspar. Only 40 per cent of domestic copper is still unmined 
and less than 35 per cent of zinc, tungsten, manganese, bauxite, and 
vanadium. A little more than 25 per cent of the original commer¬ 
cial reserves of chromium and less than 20 per cent of lead and 
silver remain. Less than 5 per cent of the domestic mercury re¬ 
serve remains unmined. On these bases, therefore, it is estimated 
that our commercial reserves of sulfur will last for 55 years, fluorspar 
40, copper 34, zinc 19, cadmium 16, lead 12, silver 11, bauxite 9 
vanadium 7, antimony 4, tungsten 4, manganese 2, mercury 3, and 
chromite 1 year. These estimates are based on the level of pro¬ 
duction at the 1935-1939 level. 


5. Stockpiling. The facts given above make it seem likely that 
not only will we be obliged to depend upon foreign imports for our 
common metals in the not far distant future but we could also not 
possibly bring, our productive capacity to a point, at short notice, 
where we could take care of wartime needs. A stockpiling program 
IS being proposed, and those behind the measure maintain that if 
we had possessed prewar stores of strategic materials (not metals 
alone) before World War II they would have: (1) made the war 
ess costly and shortened considerably the period of preparation, 
(2) saved our limited shipping for military purposes and reduced the 
waste in cargo ships lost to enemy action at a time when every de- 
ay was very costly, (3) saved manpower which had to be allocated 
to the production of equipment and supplies needed to bring our 
s ocks, particularly of metals, up to wartime requirements, and (4) 

tire” ^ war¬ 

time conditions. A stockpile, therefore, is nothing more or less than 

timro/n!t “a»Power and transportation for use in 

time of national emergency. According to evidence submitted to 

he Army and Nai^ Munitions Board, it would require an expend - 
w’' A® “ ™tter of fact, in Septe^T 
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6. The Field of Metallurgy. 

Ld physical or smelting, purihca- 

the concentration ot the oic c ■ h ^.^.^.very of by- 

into these groups; 

1 Pr„,U,ction, extractive, or elicmical metallurgy. 

A. Ore dressing or concentration. 

B. Pyromctallurgy or smelting. 

C. Hydromctallurgy or leaching. 

D. Electrometallurgy. 

a. Electrolytic. 

b. Elcctrothermic. 

2 Physical or adaptive metallurgy. 

rl. Metallography and heat treatment. 

B. X-ray analysis. 

C. Physical testing. 

0. Protective coatings and corrosion. 

E Mechanical working. 

..od fur the moment only Avith the production 
Since we are eonceine tl 

of the non-ferrous metals, uc s 

nccted with this science. ganguc 

Ore dressing or concentratio . - conversion into a 

.ortldesa material front 

y,roduct from which the metal o processes which 

P„.„melt.nurgy or anudttng m hnrnlng 

. ; he mcul iron, the ore and from 

:i:;:i;::r:r::htum^,eree.,vere,ihyeeme„u^^^ 

.. .ploya the a-tlrm“ 

... 

11,(1 nietallurgy of 
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7. Metallurgical Education. Engineering education in the 
United States had its beginning at Rensselaer Polytechnic Insti¬ 
tute, Troy, New York, in 1824. Curricula leading to degrees in 
mining and metallurgical engineering were offered for the first time 
in 1853 at the Polytechnic College of Pennsylvania, in Philadelphia, 
he first school of mines in the United States was established at 
0 umbia University, New York, through the activities of Thomas 
Egleston, in 1864. The American Institute of Mining and Metal¬ 
lurgical Enpneers was founded in 1872,^ and, by 1946, the society 
had a membership of 14,018. At the same time there were 55 aca¬ 
demic institutions in the United States offering degrees in some 
branch of mineral industry education. (See page 10.) 

8 The Profession. For the use of the student in obtaining tech¬ 
nical mtormation or in business or administrative affairs a list of 
the major professional societies and periodicals as well as recent 
books of general metallurgical interest is given here. 

PROFESSIONAL ASSOCIATIONS 

American Foundrymen’s Association, 222 West Adams Street, Chicago Ill 
uTwYork, N Metallurgical Engineers, 29 West Street, 

American Iron and Steel Institute, 350 Fifth Avenue, New York N Y 
American Refractories Institute, 2202 Oliver Building Pittsburgh’ Pa ’ 

American Society for Metals, 7016 Euclid Avenue, Cl’eveland Sh’io 
Amencan Society for Testing Materials, 260 South Broad siteel, Philadelphia, 

TrSt'“t‘“‘' Metallurgy, Monteal, Canada, 

e Electrochemical Society, Columbia Univereity, New York N V 

Minin^^d Metallurgical Society of America, Columbia Univemi^, New York 

PERIODICALS IN THE FIELD 

American Institute of Mining and Metallurgical Engineers Cnf,frih r 
Transactions, Technical Publications. "gmeers, Contributions, 

American Metal Market (daily), 18 Cliff St., N^w York 7 N Y 

<«), Me,el 

r “"Xraao West 

otHeetneal Enmncem, 1^; American InstitutfoTaS EnZe“ SS“‘' 



INTRODU CTION 


Institute ol Mining and Street^New ^g^ New York 

r «f "Ss?;^ P"— -„nan„ tie .Oku S ., .e, Yo^ . 

York, N. Y. ITrank Eberle & Company, Th:rd and Wall St., op 

Metals Industry Journal, Erank ItD , „ • ,1 Enei- 

n . American Institute of Mining and Metallurgmal Eng. 
Minina and Metallurgy, American ^ ^ 

neers, 29 West Street . 3^^ street. Cleveland, Oluo. 

Steel, Fenton Pub,.sk.ng Conrpany, ^HUCATION 

institutions offering accredited by the Engineers' 

(As of September, Development) 

California tI^— 

grsthooTorrpp'lied science Cleveland, Ohio. 

Colorado School of Mines, OoUc°^Co . 

Columbia University, New Y°jk,_ 

Harvard University, Cambridge, M^ass. 

Idaho, University 

Illinois, University of, Urbana,, • 

Kentucky, University of, Lexington, 

Lafayette College, ^ ’ p 

Lehigh University, .f ^^^'^J^p^^V^ology, Cambridge, Mass. 

Massachusetts InsU u^ -nd Technology, Houghton, M.ch. 

Sn, —y o.,-Arbor. M^ 

Minnesota, “d Metallurgy, Rolla, Mo. 

Missouri School .a^ Mont. 

srsr«;i^tM;?^Scse,Fa. 

pSTuSTunt-ity of, Pif^Surgh P^a. 

Purdue TW. «• "P- 

-X^aLr^STMlnee, Rapid City, S. U. 

Stanford Univerelty. ^ty, Utah. 

riiiTt^r s-tone, "•r"- 

Yale Univerelty, New Haven, Conn. 
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CHAPTER 2 
metals and ores 

9. Metals. The 

stance whose hydroxide or ox account the other and more 

ties.” This definition does not take Aithough 

valuable properties associate knowledge regarding the nature 

„uch has been added to our atpre “fj:n~e new tools with which 
of metals during the last decade ” x-ray tube and the electron 
scientists have provided us, sue of the metallic state, and 

microscope, yet an adequate explanation of the 

the peculiar ,f “efl^'te and characteristic properties 

We do know that metals ha crystalline, carry a posi- 

_they are hard, strong, tough lustr malleable 

tive charge in electro ysis, usually define a metal by stat- 

and ductile. As a matter of fa , properties. Unfor- 

ing that, in some degree, , rather than these properties, 

tu-tely itist^^—regarding its 

T™ naTure, and ‘^at "dge^i^^^ the crystalline 

It has been said that meta pi„ctrons. The attraction of the 

mersed in a “gas o "^^a i holds the structure together 

positive ions for the nega ^^e another and of 

Ind balances the ’'^P^^®7,^J°7leLon8 The electrons move freely 
the electrons for the othe pipctrical and thermal conduc- 

through the lattice Matter (in liquids, gases, and 

tivity. In the amorphous form of matte^^ 

many solids) the ^r^a particular relationship to a neighboring 

atom, at any instant, bears a p irresponsible units, and 

atom. The atoms appear ^ prLiscuous, with the 

-- 
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LIQUID METALS 

tional properties 1 It is possible to produce an amorphous or nearly 
amorphous condition in metals by electrodeposition. Bridgman has 
been success ul in disrupting almost completely the crystallinity of 
certain metals by extreme amounts of twisting, and there is some 
evidence that polished layers on metals are amorphous. Barrett 

points out that it is probably safer to say in these cases that the 
gram size is extremely small. 

It is a well-known fact that, at temperatures sufficiently high 
metals become hquids. As the liquid mass cools, continued abstrac- 
tion of heat results m a continued decrease in the extent and rapidity 
of the vibration of the constituent molecules until at a certain and 

ToZ fl^'ed positions with respect to one 

11, 1, ’ll, positions are really "centers of oscillation ” Al¬ 

though the disordered state characteristic of vapors and liquids has 

er the solid state has been reached. Sometimes the liquid will 
op far below Its true freezing point before crystals become visible 
a phenomenon known as “supercooling.” ’ 

Intermetallic compounds (such as FcgC, NaZn,i Mp cJt, 

- -fe: ■ng;ttr*±e";rfp! 
S s Wd ir' alloys. The intermedia^ 

wlW solt? ’“lu ' T “5' ‘yP' tho ideal 

thell. T’ ™ chemical compound on 

d so ution M Th T 

and „* “f differentiate between "primary,” or "virgin " 

the sec n r’’ “1 directly from the or^- 

tth ,T has nothing to d ’ 

erties 0 r "l T ,rre^-s the prot 

scran natural? ‘■’■’“Pective of the source. Such 

scrap naturally commands a lower price than virgin metal i 

gives the pnces prevailing for 1939 as contrasted with 1944 

mediate'b?wee?tte'soM“and*tt 

first being crystalline and in the see™Tc»T;?h?o?ic"‘ X rt 

^This constitutes a “bar sinister” for • u ’ 

lower yield in compression than in tension. ^ 
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TABLE 1 

Price of Primary Metal versus Scrap 



-- 

Primary 

Scrap 

1939 

1944 

1939 

1944 

Copper 

Zinc 

Aluminum 

Lead 

Nickel 

11.07 (electrolytic) 

5.51 (Prime Western) 
20.00 

5.05 (desilverized) 
35.00 (electrolytic) 

11.87 

8.65 

15.00 

6.50 

35.00 

7.80 (heavy copper) 
3.58 (new clips) 

13.90 (new clips) 

4.19 (heavy scrap) 
132.00 (anodes) 

116.00 (turnings) 

9.34 

5.87 

5.12 

5.37 

20.00 

16.00 


boxlnXith .teel balls v,.,en the box 

is being agitated. LoeUnncv in classifying copper, 

11. Non-metals. We have no or uncertainty 

lead, zinc, tin, aluminum, and ungs urominc On the other 

regarding the nature as metals such elements 

hand, we have less confidence m tellurium. We 

as iodine, carbon, phosphorus, ^ ^ .hilarity to the 

must admit, however, tha lo carbon phosphorus, and sulfur 

gases fluorine ^romme whcreas^carbj.^P 

may be placed m the non enough 

metallic luster. It seems, “owever, that the la 

of these metallic properties L these border line ele- 

elements. Another property c metals, definite com- 

ments is their tendency to Tnd borides, 

pounds, such as arscnidM, ® Table 2 gives the average eom- 

12. Composition of ““E^'^tiJted by Clarke and Washington. 

position of the ’ . common metals in use, only iron. 

It should be noted that, of t included in the table and that 

aluminum, copper, zinc, an _mn„i make up 98.68 per cent of the 

eight elements (three of them “ is ^ 0 ^in tL strict sense 

c™st. We note also that the “'oci“on of the interior 

because nothing is f "? te’have good evidence that it is very 

of the earth, although J’ j and nickel. It is surpris- 


































DEFINITION 


copper or zinc; that unfamiliar metals such as hafnium, columbium 
and tanta urn occur in larger amounts than lead and that tin is well 
down m the list. It can well be said that there are only traces of 


TABLE 2 

Composition of the Chust op the Earth 


Silicon 

Aluminum 

Iron 

Calcium 

Sodium 

Potassium 

Magnesium 

Titanium 

Manganese 

Barium 

Chromium 

Carbon 

Zirconium 

Nickel 

Vanadium 

Cerium and yttrium 

Copper 

Tungsten 

Lithium 

Zinc 

Columbium and tantalum 

Hafnium 

Lead 

Cobalt 

Boron 

Beryllium 

Molybdenum 

Arsenic 

Tin 

Cadmium 

Mercury 

Silver 

Selenium 

Gold 


Per Cent 
27.720 
8.130 
5.010 
3.630 
2.850 
2.600 
2.090 
0.630 
0.100 
0.050 
0.037 
0.032 
0.026 
0.020 
0.017 
0.015 
0.010 
0.005 
0.004 
0.004 
0.003 
0.003 
0.002 
0.001 
0.001 
0.001 
0.0001 
0.0001 
0.0001 
0.00001 
0.00001 
0.000001 
0.000001 
0.0000001 


cadmmm, mercury, and silver in the earthe + 


metals and ores 

;—, f xx: sr.: 

rmbination of minerals is an ore «.ll depend upon. 

1 TVip nprc 0 nt£i £6 of v&luablG lOGt&l in the ore. • 

2 Th C tor Wch ftis metal oecurs (oxide, sulfide, or tellurrdefi 
. ^he orLce of impurities which are difficult to remove or, not 

"ZIa, impart undesirable properties to the metal. 

4. The physical condition of the ore (mois ure, c 

6 We XXofte metius tompted to other commodities. 

I The relation of the deposit to a transportatron system. 

In this country there are many billions of tons of rocks oontammg 

r -Pno-lflTiH and Germany ore containing only 35 per ce 
men (m Ensknd and Oe y 

Tlri wTcXue to wtte our nitural resources) when a rock con- 

T . OK /rpTit nf iron may be made valuable through improve 
taming 25 per cent o Y . u- „ At Babbitt Minnesota, 

rSaS”. s. ■ f - »;xT.t 

relatively pure copper. 

also -dated wito nota le ,l.er the 

“"•’Tafm^STern Xese^:^^^^^^ elements, and recover the 
■vr hie by plucts U very much more complicated and expens.ve 

than the simple Xt its workability or de- 

■ "^Vlitv^Tus one thing to treat clean, coarse ore and quite anotliei 
:Xm to hirsuchL when contaminated with clay or finely 



GANGUE 


li 

kT wh® they are frozen or con- 

tam no ab e amounts of water, oil, and inorganic salts, 

inScidlL wh the!'™ P"™»“t importance 

m deciding whether or not a mineral is an ore. For example there is 

cent of trer ■ 7""' “”7' ” “o’y =>bou’t 0.9 per 

•r^ ST'=”“ = 

£ fc ’ 0 “'™ "" ’■■" “”•“£« ""“dX'S 

hod! h« ! ‘^‘“““t of this low-grade o« 

$19,471,000 in dividends)^ On company paid 

examine a copper denos 'in reel , 7 

per cent of copper Yet the i *■ containing well over 3 

garded as a profitable venturrbe!'a!s!°thfr7f 7°*'* 
to render construction difficult and expensive Th 

rd"s:r" »d 

portance Moton'^rttoL't^UTa!! !eryTarge 17^°'* «' 

this reason alone the Central Ameri7d™ 7" operation. For 
never be developed nbove may 

be uhti!!: -^Sitin^rtSir’’^ 7'^ - 

some twenty years before World War II Ln 
16 cents per pound. Today, to maintain « itself at 

other commodities, copper should hp ii- relationship with 

pound; yet the m^alTs quoted atP- 
cheap labor available in foreign countrips ore and 

scrap returning from industry as well as’+h proportion of 

-is country, have 

an ore, thft7arf7thVLt!rX^^^ t“hS ” 

coipo. 



^8 METALS AND ORES 

value. Usually it refers to a mineral aggregate such as limestone, 
quartzite, shale, porphyry, or conglomerate. Often this gangue con¬ 
stitutes such a large part of the ore mass as to dilute unduly the 
valuable mineral, and its character may be such that it must be re¬ 
moved by preliminary treatment in order not to interfere with, or 
render costly, the subsequent smelting operation. In the Utah Cop¬ 
per Company’s ore fully 95 per cent of the naturally occurring 
material consists of silica and rock-forming silicates. ^ A large part 
of these must be removed, as a tailing, by oil flotation before the 
copper-bearing mineral, as a concentrate, can be smelted at a profit. 
On the whole the smelting operation is a relatively expensive opera¬ 
tion, and, generally speaking, it does not pay to smelt directly an ore 
containing less than 6 per cent of copper. This condition may be 
altered by the presence of considerable gold and silver, cheap fuel, 
power, or labor. 

15. Classification. From a metallurgical standpoint, naturally 
occurring ores can be divided into three classes: (1) native ores, (2) 
oxide ores, (3) sulfide ores. 

Terms such as straight, simple, free milling, complex, and refrac¬ 
tory are frequently used in describing ores. 

Straight or simple ores contain, in the main, only one kind of metal 

such as copper, iron, gold, or silver. 

Free-milling ores are ores of gold or silver from which a consider¬ 
able percentage of the valuable metal can be extracted by the simple 
process of crushing and amalgamation. Many of the gold-quartz 

ores of California belong in this group. . , k 

Complex ores contain more than one kind of metal which can be 
profitably recovered. A very common mineral combination 
our western states is a mixture of sphalerite (ZnS) and galena (P )• 
In the concentration process, not only is a large part of the iron su - 
fide and worthless gangue minerals removed, but the valuable zinc 
and lead minerals also are separated from one another to form rich 
concentrates which are much more easily and effectively smelted. 
Such complex ores are usually designated by the combination of re¬ 
coverable metals, for example, a galena ore containing 10 ounces o 

silver per ton is known as a lead-silver ore. 

Many combinations of metals, undesirable from a metallurgical 
standpoint, are known as refractory ores because of the difficulty ex¬ 
perienced in treating them. Although an ore may contain “ aPP’’®- 
ciable percentage of valuable metal, it may be associated with others 
which render its extraction difficult or expensive. The writer calls to 



OXIDE ORES i; 

mind a fairly large and very high-grade deposit of silver ore in South 
America. The silver was combined with sulfur, and therefore not 
amenable to amalgamation, and was also associated with antimony 
which rendered its treatment by cyanidation unprofitable. For years 
this deposit was not utilized. Finally the oil flotation process was 
developed, whereby the silver could be separated in the form of a 
ig -grade concentrate. This concentrate was shipped to Tacoma 
Washington where it could be smelted along with lead ores. Inci¬ 
dentally, when so treated, the antimony became an asset, for it could 
be recovered in the smelting process. 

16. Native Ores. Because of the ease with which most metals 

P e state in nature. The ones most commonly occurring in the 
native form are silver, gold, copper, and platinul Other^sr a 

mercury and tin have been found, but such occurrences are more o 
less mineralogical curiosities. 

One of the first sources of copper in this country, and the princinal 
domestic producer for a number of years, was the mines rupper 

nniygS”„’idai rcks Tr or 

hanstpH ^ these rich ores have been ex- 

hausted and the companies are dependent upon low-grade ones con 

w. . M.. ” ss: "" 

occurs, in the gravel, as the native metal, 
the silicates of our common metlk''^L^e"a^ 

" a-rdV:tt tair 

others readily do. Metallureicallv iW ^"d many 

cause of the ease with which +h ^ important group be- 

nomically, however i^rr! t t '^*“d. Eco- 

close to the surface Our forefath*” honnnse they occur 

•Th P 1 “d o==Ploited 

has retreated over 

These have averaged only 0.725 per ce^ operations, 

copper from them is only 6.75 cents ner nm 7 producing 

tons of copper were recovered <1938) over 8000 
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them with the result that today they supply but a small percentage 
of our metals. They are formed by the decomposition and alteration 
of ZZe ores by means of percolating ground waters charged with 

oxvscen and carbon dioxide. 

18 Sulfide Ores. Included in this class, by common consent, are 

thrselenides, tellurides, arsenides, and antimonides. Because our 
Common metlls comb.ne almost as read.ly w.th sulfur as they do with 
oxygen most of them are derived from this large and rmportant class 
of ores On the whole they are difficult to treat, for not only is it diffi¬ 
cult and expensive to remove the sulfur but also associated with it 
are other trLblesome elements such as arsenic, antimony, selenium, 
nr tellurium which likewise are difficult to remove. _ 

19 High’Grade versus Low-Grade Ores. These terms are obvi¬ 
ously ratL indefinite, for whether or not an ore is high- ” 
depends upon many factors, such as location, transportation, as 
Sed minerals, and physical condition. The terms refer more gen- 
erally to the value of the ore than to its chemical composition. (See 
Table 3) On the whole in this country a high-grade gold ore con- 

Lns more than .25.00 per ton in 

6 per cent of copper, and a high-grade zinc ore, about 45 per cent 

^'20 Siliceous Ores, Calcareous Ores, Etc. The nature of the 
gangue serves as another method of classifying ores as - 

laceous, calcareous, and ferruginous, depending “Patter or n 
they contain notable amounts of silica, clay limestone, o iron. Acid 
ores are those containing an excess of free silica; basic 
containing little if any free silica but large amounts of compounds 
containing calcium, magnesium, iron, and other base 

21 Advantages of Ore Dressing. Most ores contain such large 

amounts of worthless material (silica, limestone, or other 
ing silicates) that usually they cannot be 

rectly by pyrometallurgical processes. Apart from ‘''f '“f ” “ 
d tag such h,w-grade materials, the large quantities of fuel and flux 
Necessary to mlt and slag the constituents would cost far more than 
the valul of the metals which might be recovered. Purthermore, t 
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and worthless products, the operator is able to separate it into two 
or more valuable products and a tailing, as for certain complex lead- 
zinc ores. Sometimes, on the other hand, the operator seeks to re¬ 
move a constituent which, though not large in bulk, is chemically of 
such a nature as to interfere seriously with the subsequent smelting 
or leaching processes-zinc in a copper or iron in a zinc ore, for ex¬ 
ample. The chief advantages of ore dressing are: 

1. Most of the steps involved in concentration are relatively cheap 
so that at a cost of 60 cents to $1.00 per ton, the operator can 

requently transform an ore from a valueless product into one 
well worth the cost of smelting. 

2. Even when the ore can be smelted directly it is often advan- 
tageous to concentrate it in order to save the cost of freiglit on 
the worthless constituents of the ore. Particularly is this true 
when the ore must be sent long distances to a smelter 

. In the treatment of complex ores a separation often can be made 
nto two or more valuable products when the ore, as it is mined 
could not be profitably smelted for either metal. 

Operating against these advantages are some disadvantages: 

ctlTo\foVnf f the ore is usually low, 50 

rthp n ^ ton, this will constitute an additional cost 

9 V 1 must be smelted eventually). 

Valuable mineral will be In^t ir(+Vi.i+rvr j- 

trating step. Note in the balance shLt "hat tC n 
to 210 pounds of lead and 68 ouncL of sdvt 

■ -Cast 

susceptible to freesing in transit- it wd Y o 

produce more flue duS whl T ^ thus 

. ~STr “ » 

per ton are to be smelted* Assume VU™"* ® 

eoncentrating cost, and recoveries stlat 

sheet may be drawn ud: following balance 
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A (Stkaight Smelting) 

Mining 100 tons of ore at $2.50 per ton 
Freight on 100 tons at S4.00 per ton 
Smelting 100 tons at S17.00 per ton 

Return from 16,200 pounds of lead at 6 cents per pound 
Return from 480 ounces of silver at 40 cents per oume 


Loss 

B (Concentration Followed by Smelting) 

Mining 100 tons of ore at $2.50 per ton 
Concimtrating 100 tons at 75 cents per ton 
Freight on 10 tons of concentrates at $8.00 per ton 
Smelting 10 tons at $10 per ton 

Return from 15,300 pounds of lead at G cents per pound 
Return from 412 ounces of silver at 40 cents per oum.o 


Profit 


S 250 
400 
1700 


$2350 

$ 072 
102 

$1164 

$1186 


$ 2,50 
75 
80 
100 

$ 505 

$ 023 
165 

$1088 
$ 583 


Evi,l™lly if «uol, an ore wore aont .lirortly to llio sinotlor, a losOo 
tlic aliipt'or of »12.ii(l por ton would rivult. On l lic ol uu lain , \u . 
,.„inl)in<'l eone.nlrali.in and sniolt.ing, Uim- woul.l l.e a pio . 

"'M'Ssmdting versus Concentration. Table 3 shows t.be 
,„Sl 1 ° :::*enrof ore» wbiel, ,nay be s.nelted .lireetly and that of 

fr.u whiel) uri' UBtlullv COnccIltTilU’fl, 01 ITlllltd. 

It, sliould' be empliasise.! Ilml, aid-nal praetiee may deiau't, wale y 
fr,In Ibese r.Rtins lieeause ..f local coalitions or varndions n. tie 
..bleleristics of the ore. Tor example, tbere are only two domes n 
operators eoneentrating copper ore as low-Rrade as ., pn cc n . 

,1 „.r Most of our plants are operating on ore contain,ng less ban 
2 ™.r eenl of copper,' Again, whereas it imglit be eeon.mnea t, 
Lell direelly an ore containing as little as 30 per eenl of lead 
::;llt m' t l,, «dvi«ab,e under certain utber conditions to smelt dl- 

cent copper (thm m . ^ coppi'r). 

3,305,858 tons contiuning 875,601 tons ri c II 



DRYING 


TABLE 3 
Tenor of Orbs 


Alumimim 

Chromium 

Copper 

Gold 

Lead 

Magnesium 

Manganese 

Mercury 

Molybdenum 

Nickel 

Silver 

Tin 

Timgsten 

Vanadium 

Zinc 


Direct Smelting, 
Per Cent Metal 


50 AI2O3 
40 CrsOs 
6 

40 

12 (chloride) 

25 (oxide) 

40 

3 to 0.5 
50 

Ni, or 1 Cu, 2 Ni 
V 

60 or more 
50-65 WO3 
60-90 V 2 O 6 
50 


Concentrating Grade, 
Per Cent Metal 


N * 

N 

2.5 (average) 
0.9 (porphyry) 
0.2 oz per ton 
8 (average) 

5 (Missouri) 
0.13 (seawater) 

25 (leaching) 

0.4 

0.5 

1 Ni, 0.5 Cu, 0.5 Ni 
10 oz per ton 
1 to 8 (lode) 

1.0 WO 3 
2 V2O6 
10 (average) 

4 (Missouri) 


* N—not concentrated at present, 
t ^ varies with local conditions. 

rectly one containing as much as 40 per cent Ennb 
a problem in itself and th«^ constitutes 

place these products in bettered r moisture as well as to 

Although methods and apparatu^ reduction operation, 

rials are commonly known and d coarse, granular mate- 

applicable toThTdrytrof r„e ;• I 

especially when wet form 1 tick” ““^ials, 

it comes in contact with, and they Sto ^ 

ventlonal form of rotary kiln-type driers. ° the con- 

- i-Hor Of the lumps. .XL^ma— 
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oreanic matter which tends to cement these balls or pellets together 
and further impede the drying operation. It is remarkable how ong 

a small ball can cvithstand heating and f “/T™''if 
ter Although such materials can be dned bettci 
applied slowly, slow heating unduly lengthens the process. It ha 
beL found better to use a higher temperature and cut open and a.r 
L material, thus breaking up the impervious layers and, by 
posing fresh surfaces, facilitating the escape of moisture. 

A Lent development to overcome this drying difficulty is the 
Lotden drier. It Lsists of a large steel pan containing the mate¬ 
rial to be dried and heated from beneath by fuel or waste gases. 

material is caused to traverse the length of ™ 

clonir aiitatcd and sliced by a set of moving rabbles. These labblcs 
are movcLara slow rate by means of a bell crank 
order to avoid undue agitation and the formation of dust. The 
rabbles make a 45” angle with the long axis of the pair. One com¬ 
ponent of the blade motion moves the ore along, another ni 
from side to side, and the third disintegrates the lumps. ^ 

24 Gross Net, Long, Short Tons. Much confusion exists in the 
press as well as the minds of many readers, regarding the 
of measure For example, a leading article on the inagnlflccn 

achievement of the iron ore mining 1" ^'fLoTet L s of 

a headline in a New York paper stating that 103,800,000 net to 

re were produced Two other publications at the same time ga 
811)00000 net tons, a considerable statistical difference. Presum- 
a r Tt 0 r p’orters started with the same oliicia figure of 
oLL oOO, which is the number of long tons (2240 pounds each) of 
Unaturar orc-tbat is to say, the ore as mined, winch contained on 
llltle less than 11 per cent moisture. One reporter, 
cniovInrL’ license accorded that group, and wishing to impress the 
emfem Lslated the original figiiro into 103 . 800.000 short tons 

water h (2240 

::;:rc„:d.r'cZI:;rncHlL or tuo extreme ffgtires is precise 

Lst. as to the reason (or the selection 
,LTn noi nX as the ton. One interpretation is that in Colonial 
times tlm units of weights and measures in use in this country were 



SUGGESTED REFERENCES 25 

largely borrowed from England. There, in turn, the English pound 
seems to have been the Roman pound raised to 16 ounces. In early 
Plantagenet times there was the hundred weight (100 pounds) of 
which 20 made a ton of 2000 pounds. In 1302 a new hundred weight 
of 112 pounds was introduced, thus raising the ton to 2240 pounds 
This new hundred weight contained 8 “stone” of 14 pounds each 
The United States of America, as a union of the former colonies of 
Great Britein, naturally inherited the weights and measures of Great 
Britain. Our Constitution grants to Congress the right to regulate 
weights and measures, but it has never exercised this right in respect 
to the unit of value of the yard (or inch) and the pound, which in 

tte United States of America remain the same as in the United 
JVingdom. 

In this way the ton of 2240 pounds was used in this country when 
It was coinposed of British colonies and has continued in extensive 
but diminishing, use up to the present time. For purposes of simplifi- 

Rir^en T use, and 

It IS frequently referred to as the American ton.^ 

SUGGESTED REFERENCES 

Bmt, C. S„ Structure of Metah, McGraw-Hill Book Company, New York, 
^cI^aTy; N^XTIS' The Macmillan 

“voiTim “■’ Drcedna. McGraw-Hill Book Company. New 

SmTf' ““ °"f Book Company, New York 1932 

1945. tior-ndhook of Mineral Dres^ng, John Wiley & Sons. New York. 

1 This unit was legalized by many of the states as earlv as 1s<hR t 
the use of the long ton has pl< 5 r> Uoon « j u 1856. In some cases 

““ 

uae, lt«h„„.d\Zo;‘Zrafi:^d<i?S1hriZZ “ 

than the short ton. 10 per cent more 



CHAPTER 3 

SMELTING, SLAGS, AND FLUXES 

25 General Principles. Smelting is a process of reduction, or con¬ 
centration, in which the major portion of the valuable constituents 
of the ore are collected in the form of a metal, matte sulfide) , or 
speiss (arsenide), whereas the worthless ones form another produc 
known as a “slag.” Originally the term slag was derived from a lyord 
meaning the “dross from metal,” and ^\ebster defines it as th 
earthly material separated in a more or less completely fused or 
vitrified condition, during the reduction of a metal from its ore. 
Roasting and calcination are usually preliminary processes carried 
out for the purpose of obtaining the metal in another form more suit¬ 
able for smelting or to eliminate some impurities which might inter¬ 
fere unduly with the smelting process. 

In any metallurgical smelting operation the temperature produc , 
and maintained, is the result of the algebraic balance of the heat 
absorbed and evolved and transferred to the products forme y 
chemical reactions and physical changes involved in sme ting, 
primary reaction may be followed or accompanied by several sec¬ 
ondary ones. The formation of compounds within the slag metal 
or matte produced is accompanied by thermal changes. The net 
difference between heat output and input must equa or e^^ee 
heat losses (conduction, radiation, convection, absorption by the 
tnace structure and charge constituents) _ or the reaction is n t 
self-propagating (most metallurgical smelting reactions are not). 
Se degree of temperature attained will depend upon the specific 
heats and latent heats of fusion and vaporization of the products 

^’^26^ m 2 Smelting. It is not possible to reduce directly .me 
metallic sulfides, such as copper, with common reducing ^g^^s at 

have been satisfied will sulfur combine with the iron In ”=^0' 6 
or neutral atmosphere and at the temperatures existing 

26 



INITIATION TEMPERATURES 


form is the cuprous sulfide (CU 2 S). Cuprous sulfide and ferrous sul¬ 
fide are soluble in all proportions in the liquid state, and in the solid 
state they form an eutectiferous mixture. In either the liquid or the 
solid state it is termed a matte. This matte, in the liquid state, dis¬ 
solves readily the precious metals such as gold, silver, and platinum, 
and, unfortunately, many troublesome impurities (arsenic, antimony, 
bismuth, for example). Any of the iron, referred to above, which 
does not combine with the sulfur will usually be oxidized and as an 
oxide combine with the fluxes of the charge to form a slag. It should 
be noted also that, in contrast to reducing smelting, in which a metal 
IS actually produced, matte smelting is just one step in concentrating 
t e copper ore or concentrate by eliminating some of the accompany- 
ing impurities and thus making a product in which the copper is 

sufficiently high to permit the more expensive and complicated reduc¬ 
tion and refining. 


27. Reduction of Oxides. Relatively few metals occur in nature 
m the metallic state. Rather they are combined with non-metallic 
elements such as sulfur or oxygen. In the latter case the ores may be 
reduced with some of the commercial reducing agents. It will be 
shown later that these metallic oxides vary tremendously in reduci- 
bihty. Mercuric oxide can be reduced by the mere process of dis- 
sociation at atmospheric pressure and at relatively low temperatures 
1 he tension of an oxide must reach a value of 0.21 atmosphere (the 
partial pressure of oxygen in air) before its thermal dissociation will 
occur. Iron oxide can be reduced with carbon monoxide or carbon 
in fuel combustion furnaces. Others, such as vanadium, chromium, 
and molybdenum, may be reduced with carbon, but they require the 
ig degree of heat obtainable only in the electric furnace They 
may be reduced with metallic aluminum or silicon. 

the oxides of the metals 
are stable compounds so that it is almost always necessary to apply 

constderable extraneous heat In order that the rLtions may proceed 

In some cases, notably the reductions of mercuric oxide by teat or 

of water with sodium, the initiation temperature is comparatively 

S “‘y ‘he heat r"^ 

B D ™“ng the reaction is also high 

icttonlrf temperature for the fe- 

action between sodium peroxide and aluminum is 410"r- tet 

barium oxide and aluminum 660 °r- kT “ “^tween 
aluminum 1025°C. ’ etween iron oxide and 
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Such a reaction of reduction may be said to be autogenous or self- 
propagating if the reaction, once started, produces enough heat to 
Lply the energy requirements and also maintain the mass at the 
nit Ln temperature. Most metallurgical reduction reactions are 
not self-propagating and many require a higher 
greater rate of supply of energy than is possible in fuel ““^ust o 
Lnaces with the result that the electric furnace must be used lor 
many of them. AVhen a reaction is not self-propagatmg it is some¬ 
times feasible to introduce reaction accelerators (high y oxygena e 
compounds) which will combine at lower “y 

combine with certain constituents to furnish additional heat By 
this means it is sometimes possible to carry on a ^ “ 

combustion furnace when an electric furnace might otherwise 

T9!teduc,ion with Carbon. Many of our — ™Ws are 

derived from oxides, such as those of iron, copper, lead, , 

which can be reduced by carbon. This reduction requires a relatively 
large amount of extraneous heat because the products of combustion 

and oxidation are large amounts of carbon 

and nitrogen. These large volumes of gases leaving 

high temperatures carry with them considerable amounts of heat 

The saiTholds true in an electric furnace when carbon . used as 

reducing agent. Some of this heat may be recovered by the use of 

waste heat boilers or regenerators, but frequently it ““e “ono 

cal to use the more expensive reducing agents, aluminum, 

“ SrReduction with Metals. The reduction with aluminum is evi¬ 
dently much less burdened with the evolution of gases, “ 

sex' “re —-s-i .j. 

docs not. As a matter , 97nn°r for aluminum. Again 

:;'d:!;n ruU Xa very^mneh hotter flame; actually, how- 
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ever, it is only slightly hotter. The reason for these differences lies 
in the very great velocity of the aluminum reaction, it being so great 
that no time is available for losses to occur by radiation and conduc¬ 
tion. That there should be large amounts of energy released by the 
exothermic reaction of metallic reducing agents is evident when we 
consider the very large amounts of energy needed to reduce the oxides 
of these metals in the electric furnace or electrolytic cell. This energy 
IS liberated in the very short interval of time when they enter into 
the reduction of the metallic oxide. Silicon occupies* much the same 
position as aluminum in having a high boiling point (3500°C) re- 
easing a considerable amount of energy, and producing a solid'by¬ 
product (S 1 O 2 ) which is absorbed by the slag. The reaction velocity 
for silicon IS much less than for aluminum but greater than for carbon. 

. Reducibihty. One factor entering into reducibility is the melt- 
Ttf t reducing agent. Aluminum, for example, melts at 

about 660 C but carbon,^ for practical purposes, is infusible. Solid 
a uminum is protected by an adherent and inert film of oxide which 
inerferes with the reaction. Molten aluminum droplets, as they 
ric e down through the charge, come in contact with the other com- 
ponents of the charge and have their surface film broken, thus expos- 
faluminum and resulting in greatly increased activity. 

oxideTthP^- reductions involving aluminum and commercial 

oxides the initiating temperatures are above the melting point of 

^hese reactions. 

nother factor is the boiling point of the reducing agent For the 
agent aluminum again, the boiling point is favorable for it is about 
00 C consequently there can be little loss by volatilization at the 
emperatures employed in commercial furnaces. The comparatively 

whth' ‘he fundamental basis of reducibility 

For Bi, Cu, Hg, Ag, Pt, Au. 

Carbon does not melt but sublimes at about 3600°C. 
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ducing agent tor a metal with a lower heat of formation. This is m 
accordance with the general energy law which states hat the tend- 
encY of every reaction is toward a more stable equihbnum, the re 
action will occur whereby the maximum amount of energy is re¬ 
leased (see Table 13). • j i j mcori cnyH 

32 Heat Balance. To show how energy is developed used and 

lost in a metallargical furnace. Table 4 (given by Saklatwalla) is 

TABLE 4 

Heat Balance of Electric Furnace 


Per Cent 


Heat Available 

Total 

Sensible heat in charge 

0.06 

C CO 

3.47 

C CO 2 

7.93 

S SO 2 

0.76 

Heat of formation of alloy 

0.92 

Heat of formation of slag 

1.53 

Electric energy (2600 kw) 

65.20 

Net total utilized 

79.87 

Unaccounted for 

20.13 

Total 

100.00 


Heat Disirihuied 
Sensible heat in waste gases 
Sensible heat in slag 
Sensible heat in alloy 
Heat radiated from shell 
Heat absorbed by cooling 
water 

Dehydrating and vaporiza¬ 
tion of water in charge 
Heat absorbed reduction 
oxides 

Decomposition of water 
Expulsion of volatile matter 
in coke 

Decomposition of lime 
Total 

Loss by conduction 


Per Cent 
Total 
2,66 
8.97 
1.27 
6.67 

0.41 


3.06 

12.01 

5.72 

0.07 

0.13 

40.87 

39.00 


Net total distributed in 

furnace 79.87 

instructive. The furnace was of the “otrl" 

the production of ferro-vanadium by carbon reduction. This opera 

tion produces largo „uantities of slag and consumes rela .ve y large 

amounts of electric energy per pound of meta prod,mod In sp.te 

,i,c tact that 29 per cent of the energy is lost by 

Te’s m s onsidered'iconon.ical co,n,nereially. Note also 

tot t e'^ gy eonsu.ned in aetuaily reducing the ox.des .n 

i, ,n v 12 per cent, the re.naining 88 per cent l>e,ng consumed 
;n“:::,:y'r!:ac'tion», conduction, radiation, sensible heat .n prod- 

ucts, etc. 
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SLAGS 

33. General. In the smelting process, besides the impure metal 
or matte, a slag will also be formed. When carbon is used as a re¬ 
ducing agent the slag will contain the non-metallic portions of the 
ore and the flux; when other reducing agents are used they also com¬ 
bine with the slag m the form of oxides. The formation of the slag 
permits the separation and collection of the molten metal. Although 
the mam function of the slag is to absorb the worthless gangue (in 
e form of basic oxides), m many refining operations the slag also 

ually as a higher oxide of a metal, which, coming in contact with 
metallic bath, is reduced to a lower oxide, thus liberating a por¬ 
tion 0 Its oxygen. In many melting operations a slag also acts L a 
pro ective covering to prevent the metal from becoming oxidized 
ntaminated by furnace gases, or overheated. Slags produced in 
the iron blast furnace frequently are referred to as “cinder"- those 

not completely fused, as "seorias”; and those formed oTl 

“ 

34. Properties. In production metallurgy the ideal slag should: 

!• Be not too costly. 

2 . Have a low formation temperature. 

3. Have a low melting point. 

4. Be fluid at operating temperatures. 

5. Have a low specific gravity. 

6 . Not dissolve appreciable quantities of valuable metal, 

• Not contain undue amounts of volatile constituents. 

mining,’ quantitIiively,^\'nZun^^^^^ 

on^heaper toes such as limestone, sZ. or iroTo"^ 
-Hirrer“^“ - bn low: other- 

tbn whole, i™-ferl:S:rae“itTf “T 

“ore Jpor^rttlt meLer^t is 

higher than the melting point). * to 200»C 
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slag used m a " rt„„„ tl,rough the spaces in the 

the slag. I through the ta,, hole more 

charge more rapidl} an.l - ^ y,.,.therniorc in spreading out in 

easily than a particles, the fluid slag 

^:t;:™r,eh n,n-e.adi.th.u,r^ 

A slag uith a separate readily; eonse- 

reason since the mat - dilTerence in 

Tf’umvi": :.t hotween the slag ami the valnahle 

:::::t;o al. The fo.h.rru.g tahh. may serve as a rough gmde ,o. 

coimnon slags; 


SiiimitoS'lirnlcs (1'<‘, Mil, /") 

[llsiluTiU'S 

Hiihic siliiTiti s will' M'd*L 
Acid silicon's will' AWL 
Siliciilcs of Mu 
Silicidcs of G.'l 
Siliciilc.'a of Na, K 
Pai'iiiio •‘tili'Tdii 
Lead siliciilc, 

I'VS 

{fiijS 


4,0 

ILf) 

:l 2 to :l4 
a.o lo :l 2 
a.o to :t.3 
2 .() lo 3.0 

2.r) 

4.4 
7.0 

4 .5 
.I.H 
2.0 


Si ()2 

•r *• rs-ii'illv the connminest inipnriiy to be le- 

35. Classification. Ls'ialU cnnsciurntlY, the silicate 

moved from nrev i.s silica or soim' si (• ■ , elassilicatioiis 

.. 

lollowing lal.le in.ll.-ales the dillereiit ehisMS. 


Nnnir. 

HiiliailiiTili' 

Hinn'it’siliriOc 

HcHnnisiliiati' 

UiHiliciilc 

'rriHilii’iile 


Halid of ().ry(i< n in And 
to Thai in Hasr 

o.n 1.01.0 

1,0 to 1 .0 
1 ..r. to 1 .0 
2.0 to 1 .0 
3.0 to 1 .0 


Formula 

4R() SiOj 
2110 SiOs 
4U()-3SiDi 
RDSiO'j 
21U):tSiDi 
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According to the nature of the bases, silicate slags may be classi¬ 
fied as ferrous or non-ferrous. Ferrous slags, those rich in iron 
oxide but containing also manganese oxide, lime, magnesium oxide, 
alumina, and zinc oxide with silica, are produced in the smelting of 
lead, copper, and many other non-ferrous metals. Non-ferrous slags 
those containing little or no iron oxide and consisting mainly of 
hme, alumina, and magnesium oxide with silica, are produced in the 
iron blast furnace. In general, the fusibility will vary with the pro- 
portion of silica, the subsilicate being the most fusible and the tri- 
sihcate the most refractory. It follows, therefore, that trisilicates 
are not commonly produced in metallurgical operations, even bisili¬ 
ca es are uncommon, and most of our slags fall between the subsili¬ 
cate on the one hand, and the sesquisilicate on the other. A theoreti¬ 
cal ferrous singulosilicate 2FeO.SiO„ or one of calcium 2CaO-SiO. 
mig e used, but the former has a melting point of 1500°C and 
the latter, of 2130°C, rendering them unsuitable for use in commer¬ 
cial furnaces. Furthermore, the ferrous silicate would have a high 
specific gravity. Consequently, as indicated in Table 5, slags are 

TABLE 5 

Compositions of Typical Slags 


Per Cent 


Si02 


Blast furnace (copper) 
Reverberatory furnace 
(copper) 

Blast furnace Qead) 

Acid Bessemer converter 
Basic open hearth furnace 


39.87 

40.10 

32.10 
65.8 
15.1 


FeO 

CaO 

Pb 

AI2O3 

0 

a 

S 

MnO 

Cu 

MgO 

P 2 O 5 

22.38 

26.83 

— 

6.35 

1.40 

0.5 1 

0.6 

0.30 



34.80 

33.20 

18.5 

8.51 

21.8 

0.95 

11.19 

2.30 

4.0 

0.7 

0.3 

1.42 

0.45 

1.64 

— 

20.3 

42.2 

— 

— 

— 

— 

11.7 

9.0 

— 

8.5 

, 3.9 


silica. 


pent ord.„arily attained in an indu^striaHurnte fca^; « Z 
Melting points are: Fe^Oq 1541 “P- 

MgO, 2800“. ^ 1710 ; AloOg, 2050“; CaO, 2570“: 




, Addition of a third substance to a combination 

Almost always the addition o lowering of the melting point, 

of two others brings about a further g melting point may 

we consider lime, P- 7* 

C suCand alumina are expressed on the tri- 

is necessary to use cheap fluxes Obviously, the kind of 

carbonate, and silica as nature of the ore being 

flux we should employ will depend upo require the addi- 

tTated. A high-silioa “PP” “7,7" a Iro" the recuired 
tion ot limestone and iron oxide ,he 

Sion‘'&r! Whenever possible the addition of barren axes 
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such as limestone and quartzite should be avoided, for it costs just as 
much to smelt barren material as it does valuable ore. If we are 
to add flux, we might just as well add corresponding basic or acidic 
material containing small amounts of valuable metals. Certain ores 
or concentrates are termed "self-fluxing,” that is, they contain ele¬ 
ments in the proper proportions to produce a slag of the required 


S1O2 



ie”^ “““^nations 

37. Limestone. This is one of our most common fluxes in both 
ferrous and non-ferrous metaiiurgy. It decomposes in tile iiigh-tem- 
pe ature zones of furnaces into iime and carbon dioxide the Ihne 

fl^ed titt*- "‘f acidic’anLnu 

Lavkv . T t '•“'■aases the specific 

La h° “ temperature of the 

ag^ Limestone however, is never used alone but always with more 
or less iron oxide, which tends to improve eitiier theCsc ■* 
-iting point of the final slag. It is also wort^ of 

Tom 'smtTnd ‘th“ ‘r "“7"“ "-‘-‘-a 

d, therefore, produces less slag. The dolomitic or 






jg SMELTING, SLAGS, AND FLUXES 

un^estones a. 

(beyond a 0 ,.^ can be used, but. if it must 

38. Iron Oxides. Ordma y expensive. A more 

be brought from_ a distance, low-grade iron ore produced 

attractive form is go • Ai+bmie'h too low-grade to 

by the weathering of J^^n fluxlecause 

have value as a source o , g nrecious metals which can 

it frequently contains sma^ amou 

be recovered in cTntaining as much as 66 per cent of 

silicates are l,ave a high specific gravity, 

iron oxide are fluid) but J these high-iron 

they are not used in actu p furnaces. As al- 

oxide slags tend to corrode e the 

ready noted, lime of the slag for metal- 

r—r"rrd’:t ad^!^^^^ m this ume beyond a 

'to^r°“”U'!rr™^orfte ™rcoramon fluxes and, in the 

39. Silica. Sihca is one cheapest. Pre¬ 
form of low-grade siliceous ores containing a 

quently, it is possib ^ siliceous ores, how- 

small amount .^o feldspar, hornblende, and mica which 

rn^rrintrxi^of- o{;n ... *^^.0 a burden on 
the furnace, for heat must e supp titrate, oxides of 

40. Oxidizing Fluxes. category, together with air, 

“’'^ccTry;:“T,:e;re: rnsre:in^’tbel use is limited 
as a source oi oxygen. 

to the treatment of gold “"I t™ ' „diicing fluxes are the cya- 

41. Reducing Fluxes. The “"'y ‘™ gold or 

nides. They arc expensive, and they are y 

silver ore in special processes.^ fl,,nndc is used because small 

42. Neutral Fluxes. of slags and appre- 

amounts of it markedly ccrcasc ^ compound 

ciably lower the melting pom . ’ ^ ^ electrolysis (the 

dissolving accrctiims ™ “ separating copper and 

a source of sodium sulfide) as a j , 

nickel in the top-and-bottom process, m 
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Various chlorides are used, not as solvents for this power is low, 
but as covers for fusions. Borax (Na 2 B 407 * 101120 ) is also used 
for this purpose but is more expensive than the common chlorides. 

43. Effects of Other Constituents. It has been noted that mag¬ 
nesium oxide is a common impurity in limestone. When present in 
small quantities it appears to lower the fusion temperature and the 
specific gravity of the slag. Furthermore, since its molecular weight 
is 40, and that of lime is 56, a smaller weight of magnesium oxide 
secures the same basicity in a slag, is a cheaper flux, and gives less 
weight of slag to handle. For this reason dolomitic limestones are 
preferred by some operators. When the quantity is large (over 5 per 
cent), magnesia tends to make a sticky, viscous slag with a higher 
melting point. 

Barium oxide is not often encountered, fortunately, since it is an 
objectionable impurity. It has a high molecular weight, makes the 
slag heavy, and in matte smelting forms barium sulfide which enters 
the matte and tends to make that lighter. As a consequence, the 
matte and slag approach each other in specific gravity and separate 
less easily from one another. 

Zinc is also a very troublesome impurity. In matte smelting it 
forms a sulfide and enters the matte, not only diluting it but also 
making it lighter. In lead smelting, zinc tends to form complex 
silicates which, having a very high melting point, form accretions 
in the hearth and along the walls of the blast furnace, giving rise to 
many difficulties in operation. The general effects of manganese 
oxide are similar to those of iron although it makes a less fusible 
slag than corresponding amounts of ferrous oxide and appears to 
reduce the solvent power of the slag for zinc. In the lead furnace 
it appears to increase the silver loss in the slag. 

44. Non-Sihcate Slags. These slags consist of a metallic oxide 
and some acid other than silicic such as phosphoric or arsenic or 
on^e or more of the oxides such as litharge, lime, or ferrous oxide. 
The purification of pig iron by the puddling process, the desulfuriza¬ 
tion of pig iron by manganese oxide, certain special open hearth 

processes and the softening of lead bullion produce typical non- 
silicate slags. 

in “'Waste Slags. The disposal of slag, particularly 

to tW "'dustnal centers, is a problem of no small moment 

utilkert^e T ’ ““y have been made to 

utoe th^e slags. The most successful uses so far developed have 

been m the manufacture of slag cement, slag bricks, and mineral 
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wool Slags from lead and copper blast furnaces have been cast 

in the form of bricks, blocks, and special shapes and emplojcd m 
m the loim oi uj , ^ compromise, 

metallurgical construction J'' J ^ , t mechanical 

for such brick cannot be utilized a > ^ f„,,..,ce ^lag 

strength or resistance to shock is required. Basic J 

.nayle granulated, dried, -d'as 

totreS-^AlIrCication^ 

“Itie opeT h' u L:*I; serve^s an ingredient 

;rti: lu^ir o, fertilisers, since these slags often contain 
as much as 15 per cent phosphorus pentoxide. 
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CHAPTER 4 


ALUMINUM 

46. History. Although Margraf identified aluminum^ as a con¬ 
stituent of alum as early as 1709, it was not produced in sufficient 
quantity to^ determine its properties until 1827, when Wohler made 
some experiments. Wohler reduced it with potassium which not 
on y made the metal very expensive but also produced it in the form 
of a gray powder, difficult to handle and not directly usable. Sainte- 
Claire Deville developed and perfected Wohler’s process. He suc- 
ceeded in bringing the price down from $545 per pound in 1852 to 

$34 in 1856 and $17 in 1859, at which time the world production was 
about two tons. 

February 23, 1886, is a red-letter day in metallurgical history 
for that day saw the successful culmination of a long series of experi¬ 
ments by Charles Martin Hall on a practical method for making 
aluminum. Other minds were at work on this important problem 
® ^ curious fact that a Frenchman, Paul L. T Heroult 

Lmell” the same process on the 

y. Hall was granted the United States patent and the eom- 

M™taLTaTh 

lul stage had been reached in this country. 

In 1887 Hall made an arrangement with the Cowles Electric 
Smelting and Aluminum Company, but they were obliged to give up 
the option with the result that he enlisted aid in Pittsburgh formed 
Pittsburgh Reduction Company, with *20,000 capital and by 

ofTe^V i'- ™ of aluminum prday 

Out 0 that effort came the Aluminum Company of Amerfol (for 
yjs the only producer of the metal in this country) anTthe p s 

1 — 

one“mimo“ P^duced 

4pprJr ^-dbing s„b- 

In 1886 the world production was 16 metric tons. 



aluminum 

47 The “Maeal” Age. It was Dr. William J. Hale who pre- 
H n IQI'I that we would eventually emerge from “The Iron 
to “The Magal Ac^e,” an era in which greatly increased use 

would be made of magnesium and uluminum. ^^^Than^rtor- 
basis we produced, iu 1940. more tons of 

’’™d'‘:t ::;“;rlTIn;dlmpetHive coudttions 
3e“— down irom 90 to 19 cents per 

TaSles in Whi h these metals will fight for the markets, wdh no 
quarter asked or given. Out of this contest wdl come countless 

“r^ r;"—S -—«• --c 

nfsLt ”i 

... .i... O T.O. . J—Z, "f ■— tS 

time white , o.atistics Since the development of the Hall 

48 . Economics and Stat^ 

process ’‘'""”"3, magnesium The fundamental properties re- 

sibTc tor usefulnL and wide acceptance of this metal are its 
sponsible tor the usciu corrosion high electrical and 

moderate reserves of bauxite and, un ■ jj 

development of cheap hydroelectric one gy^ D g .mergcncy 

a tremendous domestic expansion took place to me t 
(our production in 1945 was about 1,200,000 
the 14,402,497 short tons of bauxite produced m the Unite 

, Between-1934 and 1040 Germany', productive oapaoit, ino,ea«id fourtold. 
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i"i 13.679,027, the remainder coming from 

Alabama, Georgia, and Virginia. 

The aluminum industry is a great consumer of power; one horse¬ 
power a year will make only about 500 pounds of the metal. Con¬ 
sequently, the reduction of alumina to one of the most strategic and 


TABLE 6 

World’s Aluminum Production by Countries * 



(Short Tons) 


1910 

1918 

1921 

1929 

1932 

1939 

1944 

Canada 

France 

Germany 

Great Britain 
Italy 

Switzerland 
United States 

U.S.S.R. 

Total 
(W orld’s) 

t 

6,000 

t 

2,000 

I t 
6,000 
9,000 

15,000 

12,023 

25,000 

14,000 

1,715 

15,000 

102,000 

4,000 

6,000 

10,000 

5,000 

740 

10,000 

28,750 

36,000 

29,100 

31,500 

10,000 

7,373 

20,700 

102,270 

t 

17,800 

14,400 

14,100 

8,825 

13,413 

13,820 

47,600 

t 

75,000 

50,000 

200,000 

25,000 

30,000 

28,000 

148,677 

1,200 

(1938) 

418,0001 
26,000t 
300,0001 
36,000t 
20,000t 
5,000t 
776,446 § 
71,000t 

23,000 

200,328 

74,490 

270,000 

152,700 

676,500 

1,743,700 


(J^mnied by permission of McGraw-Hill Book Co.) 

Ike Mineral Industry, McGraw-Hill Book Co 
T Not available, 
t Estimated. 

§ In 1943 an aU-time record of 920,179 tons was established. 


« where power is 

aUo^'Tn^dlta, 

of coils, plates, sheets bTrs e^ .?, 7*" P" “ ‘ho form 

were reduced on January 1 W39 to 3 “^^ '’“'i''’™''' ‘■**'=* 

respectively, by trade 0 ^ 00 ^ wirc^^^^ 'T 

tion in the domestic industry. somewhat the situa- 

once becLse of ZTmpVrtanTeIn 
available for all uses until 1945 . ^ 
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PROPERTIES OF THE METAL 

about 24 per cent of the aluminum capacity is Government-owned 
but operated on lease by the Aluminum Company of America. About 
53 per cent is owned and operated by the Aluminum Company of 
America, and the remainder is owned by the Government but oper¬ 
ated on lease by private interests. 

In the expansion of this industry, besides the matter of bauxite, 
the personnel problem proved to be troublesome. Basic skilled per¬ 
sonnel, necessary to design and initiate the various projects, had to 
come from the old employees of the Aluminum Company of Amer¬ 
ica. Special efforts were made to train new ones by means of exten¬ 
sive training programs, and women were used to the fullest extent 
Even so, as late as the winter of 1943 at least two plants were 
being operated at fractional capacity for lack of labor. 

That the whole project was successful may be judged from the 
fact that, in spite of the demands of war, aluminum was removed 
rom the list of strategic materials in November, 1943, and made 
available in small quantities for essential civilian uses. 

49. Properties of the Metal. 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 

Coefficient of expansion (linear) 
Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 


20 °C 

26.97 

2.703 

20-100°C 

660.2°C 

1800°C 

23.86 X 10-« 

50 °C 

2.6548 microhms 

0.52 cal/sq cm/cm/°C/sec 

100 ”C 

2.9 

93 cal/gram 

0.2259 cal/gram/“C 


pruperoy oi aluminum is its lightness: comnar- 
ng equal volumes, it weighs only about one third as much as other 
commonly used metals except magnesium. However, a perlal o" 
the above list of properties shows that many other properties are 
attractive. Particular attention is called to its 


T High resistance to corrosion. 

2. Light weight. 

3. High electrical conductivity. 

4. High heat conductivity. 

5. High reflectivity for heat and 

6. Workability. 

7. Strength in alloys. 

8. Non-magnetic character. 


radiant energy. 
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aluminum 


9. Non-sparking character. 

10. Attractive appearance. 

11. High scrap and reuse value. 

12. Weldability. 

^0 Marketing Prices, and Stocks. Primary aluminum is sold 
^ ^ nnwdfr sheets and various structural forms. Ingots are 

of 00*^ ba. .ei^b» 3 pounds 

but for special orders they are made in sizes up to 30 pounds^ The 
^ +Lp niire metal during recent years is given m Table 
rlcrp^metal (see Article 700) has influenced price, particularly 

table 8 


Price of Aluminum 
(In New York) 


1910 

1918 

1921 

1929 


Cents per 
Pound 
23.0 
33.0 
20.0 
24.3 


1932 

1938 

1944 


Cents per 
Pound 
23.3 
20.0 
15.0 * 


■^;^t-38.0 (May 1918). Price fixed by government, but much metal changed 

hands at 60 cents per pound. 

Lowest—15.0 (January, 1941). 

♦ Fixed by Office of Price Administration. 

in the years of economic depression. It will be an equally peat 

'“StWr^^nrOo— varied from 10.4 

to 16 ceXer pou” d of primary metal distributed as follows: 


Alumina 

Pow6r 

Labor 

Carbon electrodes 
Cryolite 
Fluorite 
Depreciation 
Other items 


CerUs per Pound 
6.3 to 6.8 
1.8 to 7.1 
1.0 to 2.6 
0.9 to 1.5 
0.6 to 1.0 
0.2 to 0.4 
0.3 to 1.0 
0.6 to 8.0 


W VliwA ^ 

. . r • the 28 y (bottom) X 8 sise weighing 60 tc 

1 “Alco” pig fni^t 27^ X X 4 inches, weighing 80 pounds. 

56. pounds and the 4.notch ingot, 27% X * 
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pany costs such as taxes and sales expenses. It is significant, how¬ 
ever, that aluminum was one of the few commodities for which the 
price was reduced during World War II. 

51. Uses. The use of aluminum in cooking utensils in the home 
was the first and still is one of the major uses of the metal. In 
recent years, with the introduction of other alloys and the anodiz¬ 
ing process, domestic use has been extended to include such items as 
combs, collar buttons, brushes, thimbles, cups, waffle irons, toasters 
percolators, and mixers. ’ 

The use of aluminum conductors for the transmission of electricity 
followed closely after the development of the aluminum cooking 

TABLE 9 

Use of Aluminum by Industry 
(Per Cent) 


Transportation 

Machinery and electrical industry 
Cooking utensils 
Foundry and metalworking 
Buildings 

Electrical conductors 
Chemical industry 
Food and beverage 
Metallurgical industry 
Miscellaneous 


man a million miles of steel-reinforced cable has 
be n produced and at the present time over 90 per cent of the high 

m? it w T* “‘‘de of aluminum, 

n e ashington monument was being erected in 1884 a 100 
ounce pyramidal casting was placed on top tf the caplne m 1 
aluminum, it was unique and costly ($225) at that time A half 

century later, save for marks from bolts of Ho-b+ni • ■ ^ 

showed that it Kra u / T i? * lightning, examination 
nowed that It had been substantially unaffected by its half cen 

tuiy of weathering. Today this metal with its lightLs re! ta2' 
0 corrosion, non-drip staining qualities, workability, and coW has 
become very popular for architectural purposes. ^ 

Before World War II approximately one third nf tbo i 
used annually by industry in the United State! was LiTnT 


November, 

May, 

Postwar 

1939 

1942 

Estimate 

29 

63 

34 

15 

6 

12 

14 

1 

10 

4 

19 

9 

8 

3 

9 

10 

0 

8 

5 

5 

5 

6 

0 

5 

5 

2 

4 

4 

1 

4 
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. k Aside from the properties already discussed, 

and marine vessels. Asia moving vehicle be- 

light weight ie advantag us 

cause there will time Again, when the alumi- 

desired can be attained m a . -j, 

num vehicle is in motion t ere quickly. Obviously, too, 

ing it to a stop, or J^'d^rectly to the pay load without 

the weight saving can e app connections also 

increasing the gross load of the acceptance m 

the strong aluminum s apes weight 

bridge floors (in itself),^ mine cages 

of the bridge is necessary o • dragline booms, shovel 

and cars, portable A- Through the use o 

dippers, overhead traveling , ^ structures may be reduced 

aluminum alloys the dca capacity and more rapi 

40 to 60 per cent, making p 

and efficient operation. properties ol the 

Because of the favorabl p y jpemical industries store and 

metal, the general ,,,^11 as acetic, nitric, citric and 

ship a wide variety of mate la ^ turpentine, essential 

fatty acids, hydrogen pem , Aluminum is also used 

oils, foods, dairy commodities because of its work- 

in the packaging o m non-toxicity, 

ability, attractive appeara , qn cithe 

Aluminum paint is use resistance to corrosion, the tmy 

metal or wood. Aside from a high ^ ^ben the paint 

flakes of pigment have ™ ^ rnaly of the flakes rise to the 

ia brushed, or sprayed on as f^^^, l,y aurfacc 

top of the paint to ‘ ^,„i,,,,ying layers of flakes scattcied 

tension. Together flhn resists the passage of 

throughout the oily ve i , , r .gtjyq sunlight. 

both corrosive solutions an in the manufacture 

Aluminum is also used a industries. In such i - 

„f steel and as a reducing agent gbemical 

duction processes the importa temperature 

reaction ^‘^^V^Hoats of formation arc of course a logical 

should be cmphasizcth ^ea f 

criterion of rcducibi i y- graphs, Dr. Saklatwalla has divi 



WROUGHT ALLOYS i) 

the common metals into four groups of comparative reducing power 
thus: 


Group 1—Ca, Mg, Sr, Ba 
Group 2—AI, Ti, V, Si, B 
Group 3—Mn, Cr, Zr, P, Mo 
Group 4—Fe, W, Ni, Cu 


The use of aluminum by industries is shown in Table 9. 

52. Alloys. Because aluminum alloys readily with a great many 
other metals and the alloys thus produced can be worked by cold 
forming, hot forming, welding, brazing, extrusion, forging, rolling, 
spinning, and machining, alloys of many compositions are in use. 
In general they may be divided into those (1) used in the wrought 
condition and (2) produced as castings. Both classes of alloys may 
also be heat-treated to yield special combinations of properties. The 
numbers given alloys by the Aluminum Company of America, the 
only domestm producer for a number of years, are in common’use. 
The determining factors governing the choice are maximum me¬ 
chanical properties, resistance to corrosion, ease of machining, cost 
commercial availability, welding, or forming. 

53. Tempers and Temper Designation. Because many of these 

alloys must be treated in some way to get the best combination of 
physical properties, this company uses a system of letters to desig¬ 
nate the type of treatment used. As the metal is cold-worked it 
becomes strain-hardened, the increase in strength and hardness de¬ 
pending on the amount of reduction it receives. It is subsequently 
annealed, the effects of cold working removed, and the metal is in 
Its soft temper,” designated by the symbol “0” followed by the 
alloy designation. The hard temper, designated by “H ” corre¬ 
sponds to the maximum amount of cold working it is practicable to 
perlorm commercially. Intermediate tempers are shown by frac¬ 
tional symbols such as “y,H.” The symbol “T” is used wLn the 
^ heat-treated and age-hardened condition “W” 

when the alloy has been subjected to the solution heat treatment 
but has not been artificially aged, and “RT” symbolizes the temper 
resulting from strain hardening after heat treatment. 

O'"® group of alloys, shown in Table 10 

P opert es. The most commonly used of these alloys are 2S (com- 
mercial y pure aluminum), 3S, and 52S. The other^P, of whTh 
24S, 53S, and 61S are examples, must be heat-treated in some 



aluminum 

nmoerties. Although many 
way to produce the best manufacturing considera- 

such alloys have been ’ indicated. Incidentally, aluminum 

tions limit the number ^ forms in ^s’hich other 

and its alloys are , that a pound covers more than 

metals are produced, from oi so ^ thicknesses, to plate 

30.000 square inches, through the range 

table 10 

COMPO..T.ON OP WnoPO BT Ao»>t p 


1 

Per Cent of Alloying Elements 

Alloy r 

Cu 1 

Si 

Mn 

Mg 

Cr 

2S* 

3S 

52S 

e 1 


1_2 

2.5 

1 0.25 


Heat-Treatable 


17S 

24S 

53S 

4.0 

4.5 

0.7 

0.5 

0.6 

0.5 

1.5 

1.3 

0.25 


. Coraneroial grade of pore alv^ 

arrd ^coo as Ur. ream uap ^ 

3 inches “ds^’^Tnehes in 

.pore than 20.000 to standard ’ 

weighing 0.04 V°'^^ needles to the ma^ °‘.f?!bles 

nnd from casting alloys are 

55. Casting Alloys. ^ ^ to the exclusion of pure 
11 and 12 which are used P’'®®^®^^^__cteristics of aluminum. The 
num because 

commonly used m aUo^g convenient^ 

S iron. ainc. and ^c easting 

divided into sand. eondition and ones ^ 

toer into aUo^ ^ 

be heat-treated, inemcuu 
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TABLE 11 


Composition of Aluminum Casting Alloys 


Per Cent of Alloying Elements 


Alloy 







Cu 

Fe 

Si 

Zn 

Mg 


Permanent Mold 


A108 

4.5 


5.5 



B113 

7.0 

1.2 

1.7 

— 

_ 

C113 

7.0 

1.2 

3.5 

2.0 

_ 

122 

10.0 

1.2 

— 

— 

0.2 

138 

• 

10.0 

1.0 

4.0 

— 

0.2 


Die Casting 


13 



12 



43 

— 

— 

5 

_ 

__ 

79 

4 

— 

7 

_ 

_ 

82 

14 

— 

5 

_ 

_ 

218 



— 

— 

8 


desired characteristics as cost, number produced, surface desired 
dimensional tolerances, finishing costs, mechanical properties and 
corrosion resistance. ’ 

56. Ores. At the present time the only commonly used ore of 
aluminum is bauxite although, as shown in Table 2 (page 15) 
aluminum is more plentiful in the earth’s crust than any other com- 
mon metal It has commercial value principally because it consists 
of hydrated oxides of aluminum, from which the aluminum, or its 
salts may be obtained with less difficulty and expense than from 

hnt I' 1 ^ hydrated oxides have been identified, namely, 

boehmite (the alpha monohydrate), Al^Os-HoO; diaspore (the beta 
monohydrate), A 1 , 03 -H. 0 ; and gibbsite (the alpha trihydrate), 

ra:Sast 

centaifer'T^’ mixtures of hydrates containing per¬ 

centages of water intermediate between those of diaspore and gibb- 
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TABLE 12 


Composition of Aluminum Sand-Casting Alloys 


1 

Per Cent of Alloying Elements 

Alloy 

Cu 

Fe 

Si 

Zn 

Mg 

43 



1 5.0 


— 

47 

- 1 

_ 1 

12.5 



112 

7.0 

1.2 

— 

1.7 


212 

8.0 

1.0 

1.2 


3.8 

214 







Heat-Treatable 


122 

195 

220 

356 


10.0 

1.2 

____ 

— 

4.5 

— 

— 

■ 

— 

— 

7.0 

— 


0.2 

10.0 

0.3 


nte. The commonly associated j'themical’ analyses 

irdet—lnTgen^X 

“ 

claylike form.^ ^ +.n metallic alumii^m it_n^t 

Before the b auxite (?a a - ——not more^ian O.l^r 

be ^ggiL This . is'^ng 

cent of iron_o 2 ode_P}^isjh ^ bauxite to 

and ----- 

produce States are not high, and 

The reserves of bauxite m consumed in the domestic 

since 1925 a large (Foreign bauxite used in aluminum 

industry has been of the total in 1938 as corn- 

manufacture accounted for 74 p imports, Dutch Guiana 

pared to 64 per cent ■“ ®Jd British Guiana 60,044 

(Surinam) furnished 386,766 g chemical trade) of 

of an apparent consumption (p V 

689,170 long tons. 
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As a matter of fact, World War II brought to light a very dis¬ 
tressing domestic situation in our bauxite reserves. By reason of 
the greater purity and richness of the Surinam ore, we had been 
very dependent upon that source and allowed the development and 
exploitation of our domestic reserves to languish. The sinkings of 
our ore carriers, by German submarines, in 1943 forced us to depend 
upon our domestic ores. Although bauxite deposits are found in 
Alabama, Georgia, Mississippi, Tennessee, and Virginia, well over 
90 per cent of our ore is mined in Arkansas. An intensive survey 
brought out the fact, as shown below, that we now have relatively 
meager reserves of bauxite: 

Grade A 55 per cent AI 2 O 3 plus 9,343,000 short tons 

Grade B 50-55 per cent AI 2 O 3 8,898,000 short tons 

Grade C 45-50 per cent AI 2 O 3 8,439,000 short tons 

Grade D 30-45 per cent AI 2 O 3 2,348,000 short tons 

Ordinarily only grades A and B are considered commercially usable 
for the conventional Bayer process, and because 1 ton of aluminum 
requires approximately 4 tons of bauxite the situation is not an 
attractive one. We are actively engaged in a search for other de¬ 
posits as well as extensions of the present ones and there are in 
course of development several processes using grades C and D as well 
as other raw materials such as clay and alunite. 


THE BAYER PROCESS 


57. General. Most of the world’s aluminum is reduced from alu¬ 
mina which is produced from bauxite by the Bayer process. In 
this process the bauxite is digested with caustic soda to dissolve 
the alumina, leaving behind an insoluble residue called a “red mud” 
which contains most of the impurities. This residue is separated 
from the sodium aluminate solution and the dissolved alumina pre¬ 
cipitated from the liquor as aluminum trihydrate, washed, and cal¬ 
cined to produce anhydrous aluminum oxide. The process has been 
almost universally used because of the high quality of the product 
and Its low cost, but these advantages hold only with supplies of 
relatively pure bauxite. High losses in alumina and soda cause 

them to disappear when the silica content of the ores reaches 13 
per cent. 


68. The Bayer Process. The crude bauxite, containing, besides 
a uminum oxide, 10 to 30 per cent iron oxide, 4 to 18 per cent silica. 
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aluminum 

and 2 to 5 per cent titania, is dried and ground to pass a 100-mesh 

ash and lime in quantities determined by the cotnposition of 
the bamdte are added and the charge treated m steel *ge^ emjor 

■ nf 9 +n S hours Eit 8i toiupGr^turG of lo ^ 

periods of Z tjo o _ 'Tlip tpa otions involved 

pressure of 60 to 70 pounds per square inch. The reactions in 

are given below: 

AI 2 O 3 + 6 NaOH -> 2 Na 3 A 103 + SHaO (D 

AI 2 O 3 + 2 NaOH 2 NaA 102 + H 2 O (2) 

During digestion 

aluminate. Iron oxide and important and 

r'btesLtir Th^ rot“—o‘t 

^tt dl\bttetsf b:us;t ri trsiu: ^teit as possible. 

(This is difficult to obtam tom "" „Lte liquor is sepa- 
When digestion is compl^d, th filiation. Complete 

rated from the suspended mud by g carried over with 

removal is necessary because ariy aluminum oxide and cause 

the liquor will become dectrolytic reduction. The mud 

difficulty or contamination m the e y sodium alumi- 

is washed and the wash water clarified ^ ^ “e s^ 

nate liquor and oxide 

will contain normally about 80 gra p ^ as 

and 96 grams per liter of -dium oxide as 15 per 

carbonate. The ted mud contains ^ ^j^ea. 6 per 

cent aluminum oxide, 62 per ” Roughly, the mud will 

cent titania, and 8 per cent sodium e^da (calcu- 

contain about one pound o in the mud), 

lated as sodium carbonate or eac a small amount of 

In these tanks the solution is _i„minum hydroxide and the 

finely divided and freshly f cooled over a period of 

contents continually agitate a annroximately 50 per cent of 

about 30 ,hours. During thi^e™^^^^^^^^ 

the alumina content of the liq P pro. 

rel'^VriarpotrtrrLver about 70 per cent in 36 hours 
1 The reverse of reaction 2. 
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and the remainder in 60 hours, until the ratio of alumina to sodium 
oxide is about 1 to 6. When the precipitation is completed, the liquor 
with the suspended hydrate is pumped through a classification sys¬ 
tem which separates the coarser particles of the hydrate for wash¬ 
ing and calcination. The finer fraction is returned for seeding pur¬ 
poses for the next cycle. 

The coarse fraction of the hydrate is washed to reduce the soda 
content to a satisfactorily low level and the washed hydrate cal¬ 
cined in rotary kilns at a temperature of about 1000°C. This alu¬ 
mina is then cooled and should contain at least 99.6 per cent alumi¬ 
num oxide (the principal impurities being about 0.04 per cent ferric 
oxide, 0.05 per cent silica, and 0.8 per cent sodium oxide). 


THE REYNOLDS METAL COMPANY 

59. Ore Preparation. The plant shown in Figure 3 is one of the 
most recent plants to be constructed and is an example of what can be 
done m the way of accelerated construction when conditions demand 
speed.^ Work was started on the design on September 1, 1940; con¬ 
struction started on November 20; and on May 18, 1941, the first 
metal was produced. The plant was designed to handle’both im¬ 
ported and domestic bauxite and has successfully treated high-grade 
auxite (4 per cent silica and 60 per cent alumina) as well as low- 
grade bauxite (14 per cent silica and only 40 per cent alumina). 

The ore, shipped in gondola cars, is crushed in a Dixie hammer mill 
and then ground wet (to about 100 mesh) in a ball mill in closed 
circuit with a Dorr classifier. Wet grinding is an innovation in this 
ype of plant and was used because it simplifies the grinding opera- 

l^e TauxitT" T^ ^--^ling of the clay- 

frl re“torr ^ 

Burned lime and soda ash are also processed and stored in silo- 
type bins. Under wartime conditions it is noteworthv tbt.+ •+ 
poMble to substitute 50 per cent caustic for lime and soda ash 
60 . Dipstion. The pulp contaiuing bauxite and the required soda 
^d hme .s pumped to two horizontal digesters 8 feet in dileter aS 

s^pem „7 T*’'’! ““■'anisms to retain the sohds in 

pressure of 125 'r “ t«“iperature of 150°C and a 

alununa are put into solution per 100 parts of sodZ hyl Je 
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contents of a tank is released into a series of 
ash tanks from which the vapors are conducted to quadruple- 
effect evaporators. In this flash operation superheat of the pulp is 
dissipated so that the mixture of the aluminate liquor and the red 
mud can be introduced into the settlers at atmospheric pressure and 
he excess heat recovered. The pulp is introduced into primary 
thickeners from which a relatively clear aluminate liquor continu- 
ous y overflows the settled solids being reintroduced into three wash- 
ng thickeners for countercurrent washing. The final underflow of 
these washers is pumped to a battery of Oliver vacuum filters where 
t water sprays remove as much as possible of the remaining alumi¬ 
nate liquor from the red mud before it is sent to waste. It is at this 
point .n the treatment that difficulty with high-silica ores develop! 
tpn« alumina and soda in the red mud. A very 

^ considerable 

carryover of solids loading up the Vallez filters, and the share sand 
abrades the pipes, valves, and launders very se^erel^ 

arp p'l combined liquor overflow and wash liquors 

Often a fih Ui clarification filers 

Often a filter will operate for 20 hours before it becomes necessTrv 

0 remove the cake. Filter feeds approximate 250 parTs pelmS 
suspended solids; the clarified effluent 10 to 20 narts THp pI 'fl 
liquor at this point will be at 95° tmnnop ^ ® 

a 12-inch diameter ah lift Tht;fllit'' 

tank with aluminate liquor to within 8 feet of tu f 

sissri-;.r ^ 

the heat exchangers and evaporators The «i ! v 
about 45 per cent solids are the seed d u *“outaining 
The coarser part oTthe precTnl, d 
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washed cake, containing 10 to 12 per cent moisture, is fed to the 

^eTcaldnation. This operation is carried out in oil-fired kilns 
8 feet by 135 feet, each having a capacity of 90 tons per ay. 
feed-in temperature is 260° to 320° C; the discharge temperature 
about 1100°C. The waste gases are discharged to the atmosp er 
throilgh multi-cyclone dust recovery units. The calcined alumina is 
discharged and transported by rotary conveyors. During the passage 
it is cooled, in part by air and in part by a water f 

a centralised screening and weighing installation and then g 

silos feeding the electrolytic cell house. 

64. Reduction of Alumina. The electrolytic cells consist o an 

iron shell lined on the bottom and sides with 5 inches of le _ ^ 
On top of this is placed a tamped carbon lining m which are burie 
the irL bus bars^he carbon lining acting as a cathode during the 
reduction. Incidentally, the carbon lining of an *‘1™“ 
one of the least appreciated mysteries of the ^P' " ^ 

been determined that if the carbon is too dense or 
osmosis quickly disintegrates the lining; if it is too soft or porous, 
is ouicklv worn and destroyed mechanically. 

up t recent years, and in many plants today, 
electrodes described in Article 76 are in use. In this plant larg 
rectangular continuous Soderberg electrodes are employed. T _ 
elctrode S substantially a sheet steel, suspended casing which . 
continuously filled with a carbon paste. Production »' ^ 

material is shown in Figure 4. Calcined petroleum ‘ ^ 

in a roll crusher and ball mill and then screened into three gradea 
They are mixed in definite proportions, with pitch, in “ 
vessel, conveyed to the cell room while still warm, 
electrode holders by gravity. This “bonaceous paste as it reache^ 
the lower end of the electrode, is gradually baked by the heat fro 
furnace as well as by the current passing through it. lion 
ta t Z are ^ced in L sides before it is hardened and serve a 
electrical contacts. They arc withdrawn just before b’® 
enters the bath to prevent contamination of the electro ye. 
ekroZs lsumed it is gradually lowered into the furnace. C r- 
bon consumption is about 0.5 pound per ton of aluminum Produce^ 
The electrolyte is composed of cryolite with <=ortam ^her lluo^d^^ 
and 6 to 8 per cent alumina. Electrolysis (nolina y , . 

carried on at 950°C until the alumina content has decreased 



REDUCTION OF ALUMINA 55 

2.0 per cent, when fresh alumina is added to overcome the anode 
e ect beginning at this point. It is customary to connect a 50-volt 
light bulb near the furnace so that when the anode effect occurs this 
increase in voltage will light the bulb and warn the operator. The 
furnace, during this period of operation (3 to 6 hours), is covered 



with a heavy crust of frozen electro! vIp . 

alumina is spread over this surface in o w '+ addition of 

preheat the alumina. When the anode ^effe ° and 

broken, and the hot alumha t atwe t ‘“k T* " 

normal operation about 160 pounds nf « 1 ,* ‘ 

way each time the crust is broken. A rake “nut th®”'w,“ 
arge opening thus made in the crust and k the first 

trode. The rake is then givL aTuOc " rk ‘be elec- 

furnace, and ldlUh“e“’ ehort-circuitV 

enect. At best this requires considerable 
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labor for there is 5000 pounds of crust and 8000 pounds of liquid 
bath in the cell. The capacity of each cell is about 400 pounds of 
aluminum per day. The furnaces are tapped tor mo ten 
third day or when there are 3 to 4 inches of metal in the cell. Not 
metal is removed, a “pad” of an inch or more being left in the bottom 
Crucibles of molten metal are taken to the casting building and cast 
into standard 52-pound pigs for shipment. 

THE ALCOA COMBINATION PROCESS 
66 General. One of the outcomes of wartime research has been 
the establishment of the so-called combination process for the treat¬ 
ment of low-grade aluminum ores. In 1942, when our suppl es of 
South AmericL bauxite were cut off by German submarine activity 
in the Caribbean Sea, the Aluminum Company of 
brought to a commercial stage a new process, invented by '*• 

Sjiwn for treating bauxites containing 10 to 18 per cent silica. 
Work was started on two plants in December, 1942, and by Decem- 
Zr 1943, both were operating. This new method is called combina¬ 
tion process” because a sintering operation is combined in a nor 
manner with the conventional Bayer process. With this new process 
r h i or proportion of the alumina can be recovered, with a lower 
soda loss in bating low-grade ores than in the old Bayer process on 
ht-6°al bauxites' and if high-grade bauxites are used the overall 

recovery is still higher^ 

Plant is Iwn in Figure 5. Bauxite and lime are ground fine in 

by the addition of soda ash and I , 

bauxite to bring the alumina content up 
1 - This amount is varied according to tne quaiu-y 

Steandtheratcofproductionteo^^^ 

am^ntTorsorash and lime 

ning of the Bayer phase, both t, of soda ash and 

(ligeetion. 





Fig. 6. The Alcoa Coml 
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SINTEKIx\G .0!, 

Tlie digesters are liorizontal, eylin.lrical, steel tanks e<|„i|,,,ed ,ei,|, 
meelianical agitators. A steam j.ressnre of r.O pounds per s.inaro inel, 
IS maintained until tlie extraetion of alinnina is eoni|,lele. J.'ron, llie 
digestois tlie slurry passes to liloiv-off tanks and II,on tliroiigli elas-i- 
fiers where the sand ,s trapped out. The slurry is eoneeniruled i„ 
thiekcners the overilow going to Kelly Idler lue.sses for elariliealion 
and the underflow to mud uaeshers. The lime of passage of the mud 
Uirough the thiekeners and washers may he as mu.d, as Tl hours 

fromT'd’"/"’"' '•"inl'ined with the overflow 

Iron the thiekeners ami elarified in Kelly presses. C'ake from Ihe 

the r^ed'""" l'f‘' •■■""I'ined will, 

sna I tint on"’' '‘'I''' t"■■o'.nt is so 

small that unless the sinter jilant is operatiiif^ at full eai.aeitv it i 

run to red mud storage. ‘'iii capa. i(> it i,. 

_ 67. Sintering. At this point the red mud is .liverted t.. the ^intar 
mg operation while the green liip.or eontinues in the o , v, , i 
Bayer proee.ss through preeipitation to give aluminum tHhvdi' . 
The red mud is tliiekened, then reimlped to 50 eent ■ I 'l ' i’ 
stored in tanks for analysis and tiispo.'al F..,™ g „ 
analyses is delemiincd the ammints of soda a I, I , ^ ^ 

added to the eonten.s of each .a:^ aC'et.;:': , ' ';‘' 

combine with tlie silica j,resent and an excess of'soda 1, e ' , . 
the alumina. Tlie reactions involved are indieat'ed helow: ' " 


"^203 + Na2C03 
Feo 03 + Na 2 C 03 
Ti 02 + Na 2 C 03 
Si 02 + CaC 03 


2 NaA 102 + CO 2 
Na20-Fe203 + CO 2 

Na 20 -Ti 02 + CO 2 
Ca 0 -Si 02 + CO 2 


(3) 

(- 1 ) 

(5) 

( 6 ) 


hen this adjustment has been mado d 
rotary kilns, 9.5 feet in diameter and 250 fcot I™7 a,i"'" 
of 10 tons per hour. The kilno . ’ oajiacity 

1000° to 1100°C Scrubbers are at a temperature of 

the kilns, whieh,' arundeXw is ' ^ 

After 1.5 to 2 hours’ treatment the ' slurry, 

into coolers which also serve as n chseharged from the kilns 

The cool sinter goes to storage h. “ 7'" 

-eighed into ball r^flls wt^ , “^^T 

leached. On leaving th; ball r^ilL tlm'^mtytfiir'd''' 

‘he sinter mnd going to the red mud lake^ard^Tmt^^’r'Urn’ 
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spent liquor cycle in the Bayer process. Some of the spent liquor is 
passed through evaporators to keep the volume constant, but the 
amount of spent liquor in the Bayer plant is large enough so that no 
undue day-to-day fluctuations are experienced through the addition 
of sinter or other liquors. Part of the liquors are passed through 
multiple effect evaporators to remove the sodium sulfate which col¬ 
lects in the liquors as a result of the sintering operation. 

68. Precipitation. The green liquor is a supersaturated solution 
of alumina in caustic soda. A typical composition, in grams per liter, 
is AI 2 O 3 , 80 to 90; NaOH, 100 to 110; NaoCOa, 60 to 90. With an 
average temperature after filtration of 40°C, depending upon the 
season and the time required for clarification, the green liquor should 
be cooled before precipitation, the actual temperature being varied 
to control particle size, impurities, etc. Cooling may be accomplished 
either through heat exchangers or in spray towers. The precipitators 
are vertical tanks about 60 feet high and provided with air lifts for 
the circulation of the liquor. The cooled green liquor is pumped 
into them with a seed charge of aluminum hydrate crystals and the 
batch is agitated for a day or more, during which period about half 
the aluminum content of the green liquor separates out as aluminum 
trihydrate. This precipitate is separated from the liquor by thick¬ 
eners which collect the coarsest particles while the overflow goes to 
tray thickeners for complete clarification. The coarse material is 
washed countercurrcntly. The final wash passes into the spent liquor 
cycle through evaporators, since it contains caustic soda, and the 

aluminum trihydratc goes to the kilns. _ 

During calcination the aluminum trihydrate is converted to 
anhydrous gamma alumina at about 450°C, and Anally at a ou 
1000°C the gamma alumina is converted to the non-hygroscopic 
alpha form. This is preferred for the production of alumina, in order 
t(, avoid carrying undue amounts of water into tlie electrolytic cells 
as well as to avoid water pick-up during shipping It is ^ 
to have the alumina fairly coarse (a minimum o 400 mesh) to avoid 
dusting losses during manufacture and at the reduction plant. Some 
dust, entrained in the kiln gases, is recovered by electrical piecipita- 
tors and wet scrubbers and returned to the kiln. by 

69 . Economics. It is true that alumina could be P^du'i'd J 
direct sintering of the original bauxite (see A^ic 70 ) but prdim ^ 

nary digestion removes much of tlie “'““7 Jed, 

cheLer method, and by reducing the amount of sinter to be produced, 
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be twice as .uch as is'e^uirrsillX ^ 

soluble as sodium aluminate would havp + k remaining 

tions would malfp Oio • j. ■ » aaaitional opera- 

sintering the muds obtained XTertracUon '"“P*'®®**''' ‘ban 

alumina by the Bayer process If nn +n / , 

liquor were returned to the initini • ^ ° hand, the Bayer spent 

caustic soda then all th! m f «"PPly the 

have to be r;Xac!d Mol t *P“* 

be obtained from the bauxite alone auTtt coZuhTn 
increase. the process would 

sent, as Xf af M J^r eXoXftT" ™ P® 

recovered by the sintering operation Ttarwh “r!!'* ’'®'^ ’® 

alumina remaining in the red miiH f -i o P®^ ^^’^t 

is sintered, up to 24 per cent r K ^ ^ bauxite 

process liquors to ^ to the 

the combination process This a ^igh as 94 per cent by 

tained by the Bayer 

to 90 per cent of the totll t bauxites. Yields of 85 

achieved. ^^^-grade ores have been 

as P»aaiWeXXliXXX?e“ tly bT "'™‘™ 

Maiag treatment is applied. About 70 peTcenfortr X' 

red mud is now being recovered hnt r<a ^ ^ ^ alumina in the 

per cent in the near future. One factor th!7 80 

operating efficiencies is the removal nf increase 

pounds of sulfates per day from the n hundred thousand 

of crystallizing evaporator^. AlirZ' fr 
“»«i in the kilns is the main somce „f ^ ‘be coal 

■nnliy present in all ores but hnv sulfates, they are nor- 

process liquors. Formerly passine'o^t appeared in the 

«y passing out of the process with the red 
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mud wastes, the sulfates are not dissolved in the s 

and must be removed to permit normal operation of the Bayer cycle. 

The substitution of gas or oil for coal would diminish but not elimi- 

“^Th?fXr?of'ti^e combination process is uncertain. It was a war 

measure established solely to permit the production of 

from low-grade, domestic bauxites. How long such a process can 

operate after the war when high-grade bauxites are once 

a^tln lpend upon economics, future developments, and the de- 

sirability of maintaining these as stand-by plan s. PpHprsen 

70 Other Processes. Much work has been done on the 
prlirshown In Figure 6, or modifications of it. Fundamentally 
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F„ 6 The P.d«r«m P.oce». (Co«rte.„ o) o«d «»<"« 

thU process involves the smelting of ore wUh eo^e 
produce a molten aluminato s The alumina can 

rei‘:<rd7rrrgr-X^^^^ -ium earhcnate solu- 
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tion to form insoluble calcium carbonate and a sodium aluminate 
solution from which alumina may be precipitated. 

there are extensive deposits of 
a unite (KiO-AljOs-eHzO). Many processes have been suggested to 
recover potash and aluminum from these. In the Kalunite process 
e cru e ore is crushed and given a dehydrating roast at 550°C to 
™ a t™ sulfuric acid. The hot calcine is cooled to 200°C 
and leached, countercurrently, with a solution of potassium sulfate 
and sulfuric acid (about 10 per cent). In order to neutralise the 
acid and ehmma e the impurities, an excess of alunite is essential, 
fill IS then cooled and normal potassium alum 

fidT'^ ‘’“j’.™®hed, dissolved with dilute potassium sulfate solution 

infr ! h ‘V" “1 ™ *“ "P ‘h'’ alum 

into a basic alum plus sulfuric acid and potassium sulfate. The acid 

and potassium sulfate are recycled for the original leach and the basic 

cached with hot water to remove the soluble potassium sulfate leav- 
g the alumina. The leach solution is then evaporated to recover 

instead o'rauttve.'" ““Pd 

Another process under investigation involves the original Buchner 
process, the essential steps of which are the reaction of a mixture of 
pound clay and ammonium sulfate at 375 to 400°C in n PPn u 
tog in the formation of ammonium-alumtol sulfrte and e' 
and ammonium carbonate. The mass is kacrer! ,l . 

toorm?urto;;s:i‘°/r l" 

cycled for the treatment of fresh "oUre. 

“r; 

tion and tLesoIut-n^^ the solu- 

^Trar,.r.rr . . oiyness. The aluminum sulfate 

No. 1. FehZZ,m5.^ Engineering, Vol. 41. 
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thus formed is dehydrated aud decomposed to form oxides of sulfur 
which are recovered as acid for reuse in the process, and alumina from 
which impurities are removed by leaching. Iron was removed from 
the aluminum sulfate solution by treatment with manganese sul ate 
and osone, and alternately by electrolysis. The corrosive solution 
of aluminum sulfate was concentrated by submerged combustion. 
Silica was removed from the partially concentrated solution by treat¬ 
ment with clay residue. The sulfur trioxide was hydrated and re¬ 
covered as acid by electrostatic precipitation; the sulfur dioxide was 
absorbed in weak sulfuric acid and oxidised to sulfuric acid by aera- 
tion in the presence of a catalyst. 

REDUCTION OF ALUMINUM 

71 General. By reason of the high heat of formation of aluminum 
oxide (see Table 13) its decomposition must be carried out in igneous 
electrolytes or by reduction with the more reactive elements such 
sodium or potassium. Although it is possible to deposit 
ol high purity in certain organic baths such as ethyl bromide and 
benzene the process has not been reduced to commercial practice. 
Unfortunately it is not possible to electrolyze an aqueous solutiOT of 
one of the aluminum salts as is the case with the 

For the purposes of illustration and a discussion ol the «amen 
tals involved, let us assume that the decomposition o ^ »lut » o 
the sulfate is under consideration. Measurements 'ate that th 
decomposition voltage of copper sulfate (see Pa?' « ‘“J S' 

volts of sulfuric acid 1.67 volts, and of zinc sulfate 2.65 volts, nor 
aluminum sulfate we can only attempt to calculate the 
declposition voltage because long before the necessary vo tagej 
i Jed the energy will be used up in the decomposition of water. 

The Gibbs-Helmholtz equation states that 


AH 


( rr.dE\ 


The 


F amounts to 23,060 calories when E is expressed in volts, 
chemical reaction involved is 

Al2(S04)3 + 3 H 2 O = 2A1 -I- 3 H 2 SO 4 -f JOz P) 

It is now apparent that the sulfate ion need not be considered so that 
the equation becomes 

^1+++ + = A1 + + f02 ^ ^ 
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TABLE 13 

Heats of Formation of Oxides * 
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Ordei 

Element 

Compouno 

A// kg cal 
per mole 

1 

Vanadium 

V 2 O 5 

437.0 

2 

Aluminum 

AI 2 O 3 

380.0 

3 

Phosphorus 

P 2 O 5 

360.0 

4 

Vanadium 

V 2 O 3 

333.0 

5 

Tungsten 

W 2 O 5 

324.0 

6 

Boron 

B 2 O 3 

279.9 

7 

Zirconium 

Zr 02 

258.1 

8 

'I'itanium 

TiOz 

218.0 

9 

Silicon 

Si02 

203.3 

10 

Iron 

FezOs 

198.5 

11 

Tungsten 

WO 3 

195 7 

12 

Molybdenum 

M 0 O 3 

176 5 

13 

Tin 

SnOz 

167.7 

14 

Calcium 

CaO 

151 7 

15 

Magnesium 

MgO 

146 1 

16 

Strontium 

SrO 

140 8 

17 

Chromium 

Cr03 

139 3 

18 

Beryllium 

BeO 

135 0 

19 

Molybdenum 

AIoOz 

130 4 

20 

Manganese 

MnOz 

123 0 

21 

Sodium 

NazO 

99 5 

22 

Manganese 

MnO 

96 5 

23 

Zinc 

ZnO 

83 5 

24 

Iron 

FeO 

64 3 

25 I 

Nickel 

NiO 

58 4 

26 

Lead 

PbO 

52 4 

27 

Copper 

CuzO 

42 5 

28 

Copper 

CuO 

_ 

38.5 


ReinMd »/ 

o^tot:”tct^o“e °r - 

Approachi., *,e p.b,e. fro™ atthr^rZt!t 

A1+++ + 3e = A1 
— 115,500 


AF = 115,500 


E = 


3~>r23^ 1.67 volts 
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Such a calculation indicates that it requires 1.67 volts to reduce 
^ 1 + + + in an aqueous solution but it takes 0 volts (barring over¬ 
voltage effects) to liberate H 2 from the same solution. True we can 
change these voltages by changing the concentration of the A1 and H 
ions (see Article 261), but according to the Nernst equation these 
changes are small for a tenfold change with a trivalent metal. 
Furthermore the overvoltage of Ha never reaches a value as high as 
1.67 volts so that it is impossible to plate out aluminum in the pres¬ 
ence of hydrogen in an acid solution. 

72. The Electrolytic Cell. A standard cell, shown in Figure 7, 
consists of a steel shell or pot about 8 feet long, 5 feet wide, and 2 feet 


a Carbon anodes 
b Carbon lining (cathode) 
e Thermal insulation 
d Electrical insulation 
e Connector plate 
f Tap Hole 
g Ladle 

h Molten electrolyte 
i Molten aluminum 
j Frozen crust 
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Fig. 7. Aluminum Electrolytic Cell. 


high, constructed of 1-inch steel plate and lined with baked carbon 
6 to 10 inches thick (this constitutes the cathode of the system). 
Cylindrical carbon anodes are suspended from the anode ^us ^ar. 
Each pot consumes 8000 to 20,000 amperes at a potential of 6 volts. 
Ordinarily there are 30 to 100 of these pots in series making a total 
potential drop of 200 to 600 volts. The igneous bath, maintained at 
about dO0°C, is made up of approximately 59 per cent of 
fluoride 21 per cent of sodium fluoride, and 20 per cent of calcium 
fluoride. It has a specific gravity of about 2.1 and will 
20 per cent of aluminum oxide, although it is usually maintained a 
2 to 5 per cent. As electrolysis proceeds, molten aluminum collects in 



CRYOLITE 6: 

the bottom of the container in a layer to 5 inches thick, from which 
It IS tapped as needed. It is difficult to operate a small cell; com¬ 
mercial ones vary from 8000 to 30,000 amperes. Theoretically about 
5 kilowatt-hours are required to produce a pound of aluminum, but 
actually 12.5 to 13 kilowatt-hours are necessary. 

,.?■ of Igneous Baths. There are many practical 

difficu ties in the way of electrolysis of igneous baths, among which 
the following are the most important: 

1. In such electrolysis it frequently happens that the voltage rises 
thereupon, the amperage decreases, and a hissing 
sound IS heard at the anode, which appears to glow, owing tf 
the formation of innumerable little spark discharges. The 

It mrfbh , is known as the "anode effect.” 

heaTna at T “ft?’™ ““y <>ver- 

heating at the surface of the anode or the formation of a film 

ditioM ““ disturb normal con- 

bi' andfflf iu ‘he molten 

specific ^avity and may be oxidised by the ait " 

• 1 he bath, in time, tends to become pasty owine tn thp rip 
position of certain constituents as well as T the f„! f . 
refractory substances. This increasit f 

loss of the metal referred to i“ “ 

It-a‘'d‘iffl‘’r'T“^ P-P«-<i iu a very pure 

With aluminu:l“ 

RAW materials 

is “toostrimpot^auSir^^^^^^^ <Na,AlF.), 

eieettrr:^^:^.* 

hke appearance. It hf found in en “■ i“- 

IS found in commercial quantities in only one 

^^Tf^onsaaiplioa of c.offfo is ahem fo ,er cent of ,o we,hf of Zhmm 
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locality in the world, Ivigtut, Greenland. To offset 
successful efforts have been made to manufacture syn le ic cry 

according to the following reactions; 

H2SO4 + CaFa -> 2 HF + CaSO^ ( 9 ) 

3 Na20 + AI2O3 + 12HF 2Na3AlF6 + 6H2O ( 10 ) 

75 Carbon Electrodes. This raw material is next in order of im- 
{0. i..arDo ^ -u n 7 nnnnrl of carbon to produce one 

portance since it requires about 0.7 pound ot ca y efficient 

pound of aluminum. An electrode, to be economreal and etSoent, 
must: 

1 . Be free from impurities. 

2 . Have a high electrical conductivity. 

3 . Oxidize slowly. 

4 Have a low thermal conductivity. 

t Sve Length and resistance to shock at high temperatures. 

6 . Be available at a low cost. 

7fi Prenaration of Electrodes. The major material used in elec- 
76. Preparation oi r. ..„h-free” form ot carbon—petro- 

^ode ““f" ;"Ler: uLa: any metallic constituent 

Sett wS Sled and eon—- 

material is crushed and screene , “ L,tHu- 

and calcined in vert.ca furnaces. This 

ents which are burned m the k. n > = J^^Sn/major material is 
Stored m bins for use. fbee Jig. o ) crushed, sized, and 

pitch for binding the electrode ^ of the fire and 

Led. “r“dti“srrrctrodes. Scrap 

explosion hazard. Th . , manufacturing process and, al- 

(..green”) is always '“^'LLtatle tn-e ramasingly small 
though the oloctrodes can b reclaiming. These ma- 

dimensions, the little left separately for use. 

terials are cleaned, prttr “ a steam- 

The four materials are blended in the proper p p 

jacketed mixer and the ^ f (bricks for the furnace 

shaped under pressure into the required lorm ^ 

lining as well as electrodes). baking furnace, where the 

The green electrodes are taken to a bak g 

JsCLn accomplished the e.ec- 

.SomeUmas a litUa «pecUUy prepared anthraeit. coal .a added. 
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trodes are removed, cooled, and sent on to the “rodding” section, 
where a metal connection is fastened to the top of the electrode by 
which it can be hung and mounted in the furnace. 

The method of manufacture of the Soderberg electrode has been 
described in Article 64 and a flow sheet of a plant shown in Figure 4. 
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“I 

bon anodes A cell to rpfin« alumina, and the car- 







aluminum 


ro 

This cell still used at the present time, is shown in Figure 9, The 
Jel itse the lining, and the electrodes differ only slightly m desi^ 
r m e'conventiol aluminum pot. The distin^.sh.ng feature is 
the igneous bath, which consists of three distinct layers. On th 
bottom is the aluminum anode of impure metal, ^’f 
bath, and finally, floating on top and in contact the cathod 
the molten cathodic layer of relatively pure aluminum. The ^“de 
material is a copper-aluminum alloy, low m titanium and iron, and 
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e Cathode 
j Tap hole 
g Insulator 
h Molten 
aluminum 


Water jackets 
Steel shell 

r.c.g. The Hoopcs Cell. (Permission of McOrm-HiU Book Co.) 

containing some silicon in order to lower the treesing point. The 
igneous b^h is made up of cryolite, aluminum fluoride, h™™ A 
ride, and aluminum oxide added to give the requisi * eP®'’ „ 

1,1 liditv The bath is operated at a temperature of 900 to 
llOO^C with a current of about 20,000 amperes and a potential o 
" 7 vl The average metal produced will contain 99.8 per cent o 
Imllm, but it is possible to produce a -etal as P- as 99.98, 
small amount of impurities being copper, iron, 
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antimony 

78. History. Antimony is anotlier of tlio 
met'iE In Efiypt is was used as a cosnudic. 1 ho Bide spu -ws i 
a. lu.vi;,B paint<..l la r .,•« v.th "...Wum" (hence ll.e ehem.- 
,n.l ev,nh..l SI,), an,I K. in believe,1 (hal (he lepyptian; la'*' -n/A 
with'antimony to imitate the appearance of silver. Although i s 
,b hly nae,l in the Mi-hUe Aaes, sm-e reterene,, are (-.((.•,■(.. .1 

L.n („ (he K,nel(i„K of lea,l-a„li,n„ny orea. .(s ex(ene.ve nr nnlnr- 
irv ,levelnpe,l ,nn,'h la(er. Ks firsf really inrporlanl (is.' 

„f ,„„n ea.ne in (he fUle.-n(h eeninry, rvlaa, an 
n.e,l for earl. IVl"' an.l rlill olhi'r allova h.r nnrrorr an,l In lie. Hj Hn 
aix(„ nil, cnliiry if var heini; nae,l for nn-lieinal pnrposos. an,I rinee 
haa heeome, heeans.. of (l„. hnporlani ^ 

„„ crlain alloya, a very im,,or(anl nnlnslrn. n,,. a . 
aei,.n(if,e (rr-aliao on (he ehan.a.l aaa rvnden hv -Nnohir 

" 7 rEc'<lomic 8 and Statistics. The chief antin,ony-,no,ln.-inR 
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MARKETING AND PRICES 


copper, lead, and zinc and that derived from scrap. Early in World 
\\ ar II antimony and its ores were placed on the restricted list and 
the price established at S2.30 per short ton unit for the 50 to 55 per 
cent ores. Up to 1942 we were dependent for our domestic supplies 
on China (at times they were flown out by airplane), Mexico, and 
South America. To treat the antimony ores a plant was erected at 
Laredo, Texas. By 1943 new domestic deposits were developed in 
Idalio and a treatment plant erected there. Smaller deposits were 
developed in other Western states so that by January, 1944, the 
material was removed from allocation. It is unlikely that our domes¬ 
tic industry will flourish because as soon as normal trade relations 
are resumed Chinese antimony, by reason of rich ores and cheap 
labor, will displace it. The tariff rate of 2 cents per pound on regulus 
or metal and 0.25 cent per pound on needle or liquated antimony 
has not been changed since the Tariff Act of 1930. 

80. Properties of the Metal. 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 

Coefficient of expansion (linear) 
Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 


121.76 
6.62 
630 “C 
1440°C 
11.29 X 10-® 

39 microhms 

0.0444 cal/sq cm/cm/°C/sec 
3.0 

38.26 cal/gram 
0.0493 cal/gram/°C 


have come to associate a 
e 1-dcfined network of starlike crystals with purity in the metal, so 
mch so that an expensive procedure has grown up in connection with 
he refining to produce this effect. The price range of antimony in 
recent years is shown in Table 15. 



TABLE 

15 


Prices of Antimony 


(In New York) 


Cents per 



Pound 


1910 

7.876 

1932 

1918 

13.0 

1939 

1921 

4.96 

1944 

1929 

8.956 


HigheBt-44.71, March, 1916. 

Lowe8t-4.32, March, 1932. 

• Price eatabliahed by the Federal Government 


Cents per 
Pound 
6.592 
12.359 
15.84 * 
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82. Uses. The most important use, but not consumption, because 
relatively little metal is actually so consumed, is in type metal. The 
function of the antimony is not only to harden the resulting a^^loy but 
also to decrease the contraction during solidification. In bullets the 
function of the antimony is to harden the lead and make it so brittle 
that it will shatter into fragments with the bursting of the shell. Ac¬ 
tually, in times of war, this use involves a notable tonnap. i ness 
the fact that during World War I the world’s production of anti¬ 
mony was about four times that of the preceding normal years^ 
Another important use came with the discovery of babbitt metal in 
1839, and the subsequent development of a host of alloys possess g 

attractive anti-friction propertied _ 

At the present time the largest tonnage of antimony is consume 
in a still younger industry-the lead storage battery, dev^oped on a 
large scale since 1870. The rapid development of the autoraotac in¬ 
dustry since the turn of the century has further accelerated this de¬ 
mand for antimony. Antimony is also utilised in albys, as sheet a 
pipe in the chemical industry and for roofing, gutters, etc., in tl 

'IffhaS agent in the lead sheath for telephone and ^r 
cables antimony is also employed. Although the fatigue life of some 
of the antimony-lead alloys is about fifteen times that of pure lead, 
recent development, involving the addition of ‘‘bout O.M per cent o^ 
calcium in place of the antimony, is proving to be still more elli 

"tumony also finds application in the manufacture of collaf^ibb 

tubes for grease, colors, plastic substances, m wiping solder, pewter, 
in lead foil, and as anodes in certain electrolytic processes. 

In the form of compounds antimony is used in a great variety of 
ways L a matter of fact, approximately one sixth of “ c "- 
^ in this form. Lead antimonate and antimony tetroxide 

I™constituents of certain ceramic enamels. Compounds “ 

employed as a white paint pigment and for smoke shells in rang 
find ng. In glassmaking, the oxide, the sulfide, as well as the met 
are dponenta of colored glasses. Rubber vulcanising and filling, 
as well Ts matches, also consume notable amounts of “‘imony^ 

83 Alloys Antimony is used almost entirely m com m , . 

as an »>V“Ar:r':r 

Table 16, with one exception, pewter, whos i p 
tin. 



LIQUATION 
TABLE 16 

Compositions of Antimony Alloys 



Per Cent 

Sb 

Pb 

Sn 

1 Cu 

Cd 

Chemical lead 

Storage battery plates 
Type metal 

Babbitt 

Cable covering 
Shrapnel 

Pewter 

Collapsible tubes 

Foil 

6-12 

4- 12 
2-23 

1 3-20 

0.5 

10 

5- 15 

2-4 

1 

remainder 

remainder 

remainder 

remainder 

remainder 

remainder 

0-15 

remainder 

remainder 

5 

remainder 

1.5-4.5 

0-3 

0.25 


--- 



(Sh% antimony ore of any importance is stibnite 

wWe t. , a.0 •“ 


Liquation. The different processes for tKo + * 

mony ores are shown diagrammatically in pLre 10^'Tr 
concentration by liouatinn wirn,. k ^ ^ ^ simplest is 

andnrorethan dVprelt of ttr. '^ar ^0 

red heat, at which point the stihnite f ^ *'*“*®‘* *“ jaa*" ’’alow a 

oontat may be recover^ C the e i h o 1!“^ 1 

regulation is essential because if it ri=. 1 ^ temperature 

aalfide is voiatiliaed, and" iaTo 

It may be carried out inrither In. M 

and in the latter case may be made dta batT''''*™'"'^ 

maintenance of a reducing atmosnheJe^T ^ The 

erther the volatile trioxide or stable teiroiSHstof e 

“ rmSnclinn 0 / S “'‘allu.gy and Mning 

“rgiad Sttgmem, Vol. 169 , 1944. loMxite of liUmg and Metal- 
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F,„10 P,-ocess»sfo,«.e Treatment of Antimony Ore. (Co«r<« ol 
Ittslilule ol Mining and ilelaUargical Engineets.) 

The residue from liquation, containing 15 to 26 per cent antimony, 
is treated by volatilization processes. 

roasting of antimony ores 

86 General The oxidising roasting of antimony ores results in 
86. uenera . stable non- volatile tetrox- 

either the volatile trioxide (SbaOs) or the sta , „,^nnnt of 

O 1 depending upon the temperature and the amo 

«i- -rnS ~ iS 

r.-srs'TS:; - —3 

furnaces in which the temperature .s “ L^erature goes 

an excess of air, with cons an ^ 

much above this point the su undecomposed stibnite, anti¬ 
known as antimony reactions involved in the 

monates, arsenates, and suiiates. 

preparation of the oxides are. 

2Sb203 4 - 6SO2 
Sb203 + 3 H 2 S 
Sb204 + 3SO2 

n , Trioxide The product usually 

tl, in which case less air is admitted and 


2Sb2S3 + 9 O 2 
Sb2S3 + 3H2O 
Sb2S3 + 5^2 
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a higher temperature employed. Simple shaft furnaces fired with 
coke or charcoal are used for the production of this oxide from ores 
containing 15 to 25 per cent antimony. Ore containing more anti¬ 
mony is likely to liquate and form antimony glass (referred to above). 
The amount of coke used will vary between wide extremes—15 to 50 
per cent of the weight of the charge. The many advantages of this 
method of treating low-grade ores have brought it into general favor. 
These advantages are; 

1. If arsenic oxide is present it can be separated out since it is 
more volatile than antimony trioxide. 

2. The residues can be treated for precious metals. 

3. It is the only method really suited to the treatment of low-grade 
ores. 

4. Condensation is much more efficient, and consequently the loss 
of antimony is less. 

5. Less fuel is required because the sulfur in the ore can be utilized 
as fuel. 

6. The condensed trioxide can be marketed as white oxide for use 
in paints, enamels, etc., or be reduced to metallic antimony. 

88. The Herrenschmidt Process. The Herrenschmidt furnace is 
shown in longitudinal section in Figure 11. The crushed ore, contain- 


a Roasting furnace 
b Grate bars 
c Goose neck 
d Condensing chambers 
0 Condensers 
/ Cross-over 
3 Clean out doors 
h Fans 


i Coke tower 
j Water pipe 
k Distributor 
I Discharge pipe 
m Connecting pipe 
n Settling tanks 
o Partition 
P Goose neck 



« 2oi 

StSj, o ® s 

CO • 


Fig. 11. The Herrenschmidt Furnace. 


Longitudinal Section 
j-y 


mg usually 10 to 20 per cent of antimony, is mixed with 4 to 8 per 
cent of charcoal and charged into an outeide-fired roasting furnace. 
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The volatile antimony trioxide carried away by the flue gases is de¬ 
posited in condensation pipes and in the condensation chambers be¬ 
neath them. The gases are drawn along by suction of two fans, which 
in turn force the gases up through the coke tower. In this way any 
traces of uncondensed oxide may be caught by the water descending 
through this tower. The temperature of roasting for trioxide produc¬ 
tion should be not over 400°C. With ordinary ores carrying 10 to 15 
per cent of antimony, 6 tons can be treated in 24 hours with a fuel 
consumption of 4 to 5 per cent of gas coke. The ore must be graded 
fairly closely (1 to 4 centimeters in diameter) because finely divided 
material will be carried over and thus will contaminate the deposited 


trioxide. , 

89 The Follsain Furnace. This recent development grew out ot 

the Waelz process (see Article 674) for treating ores of zinc, lead, and 
cadmium. The modification consists of a revolving furnace divide 
into two parts. The ore is preheated in a kiln about 30 feet long and 
3 feet in diameter and then burned in a combustion kiln 8 feet ong 
and 7 feet in diameter. These kilns are supported independently on 
trunnions so that feed can be passed easily from the preheat kiln to 
the combustion kiln. The air for combustion is preheated to about 
750°C. The waste gases carrying the antimony trioxide fume eave 
the kiln at about 250°C and are sent to a Cottrell (see Article 2 ) 

prLipitation plant for recovery of the trioxide. Fuel consumption 
is 25 to 30 per cent of the weight of the ore charged. 


PRODUCTION OF METALLIC ANTIMONY 

90. General. Antimony metal may be obtained from: (C 
oxide (trioxide or tetroxide); (2) from antimony cradum; or (3) by 

dtact Leltins of antimony ores. I-identaUy unrefined an nnony 
metal is sometimes called crude antimony but ” 

marketed in this form. The name would be confused with liquat 
sulfide, which is commonly called crude antimony 
antimony crudum. Up to the present time most of the ^ 
mony has been produced by the first two methods 1 sted, “ m 
veare there has been a trend toward the direct smelting of me as we 
I tLSeac ling and electrolytic processes. The new p ant erected 

SVC 

for liquation or direct precipitation smelting. 
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91. Precipitation Method. When relatively pure or liquated 
sulfide is available, the English precipitation method using fusion in 
crucibles with iron to remove the sulfur is followed. Another modifi¬ 
cation involves fusion in a reverberatory furnace with ferrous sulfide 
and iron. Neither method is widely used. 

92. Reverberatory Smelting. A charge is made up of oxide, re¬ 
ducing agent, Glauber salt (Na 2 SO 4 * 10 HoO), and soda ash to form 
a fusible slag. This slag is melted first and, when boiling has ceased 
the other materials are charged slowly. When considerable antimony 
sulfide IS present a little iron is added to decompose this sulfide. Care 
must be taken to control volatilization, which is usually of the order 
of 12 to 20 per cent and may reach 40. This slag serves to dissolve 
any unaltered sulfide as well as objectionable impurities that may 

e in the oxides. The furnaces are small, smelting 3000 to 6000 
pounds of oxide. The yield of regulus (metallic antimony) will 
average 70 per cent, exclusive of furnace bottoms, flue dust, and 
slag skimmings. A typical charge consists of: 


Sb 203 3000 pounds 

Charcoal 600 pounds 
Soda ash 150 pounds 


93. Blast Furnace Smelting. This is carried on in water-jacketed 
naces and along much the same lines as in the reduction of lead 
ores. Attempts to smelt the unroasted sulfide have not been too 

sS .“fr tl'e behavTor of 

best to ad"d ^ Tip * ^ bas been found 

best to add no metallic iron to the charge and to regulate the coke 

to as to prevent any reduction of ferrous oxide in the tax. Best cot 

ditaons appear to be less than 10 per cent of coke, low blast pressure 

L™ tbout 15 f°tt' “S*' 

... -J J r separation in a forehearth No iron is 

P ovided for a matte and usually none is produced. Any volatilized 

" t *d-*-"" 

wofkerun Tb ° ^^^Wues must be 

worKcd up. The metal is probably reduced in o+o • , 

in the following reactions. indicated 


2Sb2S3 + 9O2 -> 2Sb203 -f- 6SO2 
2Sb203 + Sb2S3 -k 6Sb + 3 SO 2 


(4) 

(5) 
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Roasted ores, briquetted flue dust, and oxides are more easily le- 
duced in the blast furnace. A siliceous slag is used and the recoveries 
run from 95 to 98 per cent of the antimony with slags carrying about 
1 per cent, sometimes as low as 0.25 per cent antimony. The T^Iace 
blast furnace, using diametrically opposed rectangular tuyeres bclow^ 
the shaft of the furnace instead of circular tuyeres spaced at regu ar 
intervals in the lower part of the water jacket and a removable 
crucible, has been very successful. 


EXTRACTION OF ANTIMONY BY WET METHODS 

94. General. Stibnite is readily dissolved in sodium sulfide, sodium 
hydroxide, or calcium hydroxide, and from such solutions it can be 
precipitated by carbon dioxide or sulfurous acid. During recent 
years there have been encouraging developments with the electrolysis 
of antimony solutions. The chief difficulty has been the accurnu a- 
tion of thiosulfate at the anode. A 6 per cent NaOH solution holds 
about 3 per cent antimony at first, but as thiosulfate accumulates the 
solvent power decreases to about 0.7 per cent. When this amourit of 
sulfur has gone into solution the anode begins to corrode and fall to 
pieces rapidly. A practical insoluble anode has not been foun _ 
solution must then be regenerated or a new one applied. S 

World War II an electrolytic plant was in operation at the bunshme 

Mine in Idaho. , , , 

95. Sunshine Mine Process. Tetrahedrite concentrates are batch- 

leached with hot concentrated sodium sulfide solution. le preg 
nant solution is separated by settling and decantation and the resn^ue 
washed by repulping. The pregnant solution is ^ 

phragm cells, and the antimony recovered on mild steel cathod ^ 

loth anolyte and catholyte are regenerated ''f 
solution, and after precipitation and recove^ of the 
the solutions are returned to the circuit These salts are then 
duced in a. small kiln to an ash containing barium su fide. The 
process is cyclic and regenerative except that some barite must be 
rfded to the kiln circuit to meet the barium sulhde requirement 
afd some caustic soda added to the anotyte jnake up for 

oodinm lost in the copper residue shipped to the smelter. 

M Buler mi and Sullivan Process. Tetrahednte concen- 

;rhe":rtVc undlssolved 
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pulp IS crushed and tabled to yield a concentrate of Sb-Bi-Ag alloy 

and a tailing containing 25 to 30 per cent copper and 1 per cent 

antimony, the antimony being added to the copper smelter charge. 

From the^ electrolyte containing the thioantimonate (NasSbSi) 

antimony is deposited on sheet steel cathodes, the anodes being sheet 

lead. There IS no material corrosion of the electrodes at an operating 

current density of 20 amperes per square foot. Cathodes are stripped 

every 6 days. The antimony is brittle and easily removed from the 
cathodes. 

refining of antimony METAL 

97. General. Unrefined antimony usually contains sulfur, ar- 
seme, copper, lead, and iron. With the exception of lead, they can 
e removed partly by oxidising and slagging, partly by sulfurizing 
agents, and partly by chloridizing ones. If lead is present, such 
metal may be smelted with lead ores to produce antimonial lead a 

Self Lr r‘' "bjectionable impurity is arsenic because 

g eat loss of antimony and expense are entailed in attempting to 

to frL th "f Every effort should be made 

. i VT T, '““pounds before smelting. It may be 

950«C whil =“ a temperaturj of 

950 C while It IS covered with a soda slag. Another method uses 

fusion with niter and soda. The yield is of the order of 90 per cent 
the slag most of the metal thus lost passfng into 

anffm and Reverberatory Refining. The purity of refined 

tbS’A .r ’ ? “got. Although it is true 

that when the regulus does contain impurities such as sulfur arsenic 

by pfksT; 

y bpecKs or by a leaden appearance or by a noorlv dpfinpri n 
appearance. This structure is largely thefesult of tf l 

■wi." 

Actually the belief tliftftfrg tfu Ccatf of ^f 
Widespread that the starring operation is a part of thp ^ 

ess, thus adding an unnecessarv tn ^ I ^ refining proc- 
metal. unnecessary |5 to $30 per ton to the cost of the 

Small reverberatory furnaces holdine 1200 in i noA j n 
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mixed with a little charcoal or coke dust. After about 3 hours the 
dag becomes thick and is skimmed off. The iron and 
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CHAPTER 6 


ARSENIC 


99. History. Although many of the compounds of arsenic were 
known in ancient times, it was 1694 before the metal itself was iso 
lated by Johann Schroeder.^ It is a curious fact that the name 
arsenic has come down to us today as the name of arsenious oxide. 
Metallic arsenic itself is not used to any great extent in the arts, 
but the arsenious oxide (white arsenic) has a great many industrial 
uses. 

100. Economics and Statistics. Up to about 1933 Germany, as 
indicated by Table 17, was the leading producer of white arsenic. 


TABLE 17 


Production of White Arsenic by Countries * 
(Metric Ton.s) 



1910 

1918 

1921 

1929 

1932 

1939 

1944 

Brazil 

t 

t 

127 

t 

211 

519 

366 

Canada 

1,363 

3,233 

1,353 

2,615 

1,100 

986 

1,153 

Germany 

3,066 

10,555 

8,902 

31,444f 

6.283t 

2,845 

t 

15,306 

Mexico 

t 

t 

785 

9,665 

3,991 

8,894 

Sweden 

t 

t 

— 

10,000 

30,000§ 


t 

t 

34,472 

United Kingdom 

2,187 

2,261 

1,049 

1,021 

189 

66 

United States 
(sales) 

1,203 

6,323 

4,342 

14,327 

12,483 

11,939 


(Reprinted by permission of McGraw-Hill Book Co.) 
* The Mineral Industry, McGraw-Hill Book Co. 
t Not available, 
t Ore and white arsenic. 

§ Excess production being stored. 


With the United States and Canada becoming increasingly impor¬ 
tant through increases in the tonnage of copper, lead, and zinc ores 


1 Some authorities give this honor to Albertus Magnus (1193-1280) 
to have obtained arsenic by heating orpiment with soot. 


who is said 
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beine treated Up to the outbreak of World War I, the world pro- 

duXn was ouly about 10,OCX, torrs annually, 

for the metal, together with an increased demand 

particularly in the war against the boll weevil 

caused the production to increase very rapidly. Just before Wo 

War II it was about 45,000 tons annuaUy. ^"'’‘''er 'actor affec g 

both production and price has been the discovery, m S™dem of gold 

copper ores containing very large amounts of 

disDOsal of this arsenic has become a serious problem. At 

ent hieh price of gold the operators must treat the ore wi i 

rllt tha? the arsenic so produced has glutted the market and de- 

Tnthis'countay all the arsenic produced is a by-product in the 

smelting of other ores, chiefly ores 

the United States from which arsenic or 

^^T%hP Tariff Act of 1930 metallic arsenic was dutiable at 6 cents 
In the Tariff Act oi lao „ j„;tted free The rate was not 

per pound; white arsenic was admitted 

changed up to June, 1940. 

101. Properties of the Metal. 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 

Coefficient of expansion (hnear) 
Specific resistance 
Hardness (Mohs’ scale) 

Specific heat 


74.91 
5.73 
830°C * 

450°C * 

3.86 X 10"* 

35 microhms 
3.5 

0.0822 cal/gram/ C 


• SubUme.. ^ A relatively small proportion of the 

102. Marketing and Prices. form for, in this ooun- 

consumption of this ' metallic arsenic are required per 

try, rarely more than smelters is almost entirely as white 

annum. Jhe productio by th ^ containing 500 pounds) m 

arsenic (AsaOa) • It is so V •. .^ell as physical form, such 
various grades, dependmg arsenic. The price range 

as white soluble, white ^ ound; lead arsenate, 

in 1947 was: white ^rsen^> ]5-22 75 . 95 . 

16-23; calcium arsenate, 8 - 11 , hardening lead shot 

4 /\Q TTaes The chief use for th larit in usuallv well 

Jd fn o^rt“n copper alloys, where the arsenre eontent le usually 

rl„ waa Uil. os. accounted tor 88 per cent of the coneumption. 
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under 1 per cent, although some bronzes may contain as much as 2 
per cent. It is also a constituent of lead-base alloys employed as 
battery grids, bearings, electric cable sheathing, and anodes for elec¬ 
trolysis, where the content is usually well under 0.5 per cent. Some 
of the brasses, as well as copper tubes and plates for locomotive 
fireboxes, may also contain arsenic. 

A very large tonnage of arsenic is utilized as arsenious oxide or 
white arsenic. Of our own production fully 70 per cent is em¬ 
ployed in the manufacture of insecticides; another 20 per cent, in 
weed killers and wood preservatives; and the remaining 10 per cent, 
in the glass industry. Lead arsenate was formerly the chief con¬ 
stituent of insecticides, but, because of the greater effectiveness of 
calcium arsenate the latter is increasing in popularity. Studies have 
indicated that there is a potentially large use for arsenic in copper 

acetoarsenite (Paris green) and in copper arsenite, a wood preserva¬ 
tive. 


There are two commercial sulfides: arsenic disulfide (realgar), 
AS 2 S 2 , and arsenic trisulfide (orpiment), AS 2 S 3 . The first is utilized 
as a paint pigment (orange red) and as a depilatory in tanning and 
in pyrotechnics. The second is employed as a yellow pigment and 
as a reducing agent in chemical work. 


^ 104. Alloys. The most important alloying use for metallic arsenic 
IS m copper, where it increases the corrosion and erosion resistance, 
raises the annealing temperature, and serves as a deoxidizer It is 
commonly present in amounts of 0.25 to 0.50 per cent in locomotive 
stay bolts and plates for fireboxes. Arsenical copper is also used in 
the manufacture of automobile radiators and in many other manu¬ 
factured objects that are to be heated since the arsenic raises the 
annealing temperature so that the plate or sheet does not suffer 
loss of strength through annealing. It is found that 1.5 to 2 per cent 
of arsenic in lead-tin bearing alloys refines the grain and greatly 
increases the compression strength. Unfortunately it also appears 
to bring about a marked decrease in resistance to impact. Insoluble 
anodes of lead for the electrolytic deposition of copper from solu- 
lons containing chlorides and nitrates commonly contain 0 6 to 6 

fnXl Boliden 

n Sweden, the problem of finding additional uses for arsenic is a 

matter of great importance to the metallurgical companies. One of 

^ The ore averages about 0.6 ounce of eold oer tnn 0 r -i 

cent of copper, and 9.1 per cent of arsenic. ® 
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the uses proposed is in Portland cement, where, in amounts up to as 
much as 30 per cent, it appears to decrease the solubility of e 

cement in water. . . 

105. Ores. Although arsenic is not very abundant in nature, it is 

one of the most widely disseminated of all the metallic elements oc¬ 
curring as an impurity in practically all base ^etnl ores. Its most 
common form is mispickel or arsenopynte (FeAsS, 46 P"" 
senic) Our own production comes entirely from copper, lead, and 
r LltL, .1,1 the oxide is obtained as a by-product m the 
recovery of the more important metals. 

production of white arsenic 
106. General. Since there is demand in industry for two varieties 
of white arsenic, production is commonly carried out in two stages 
yielding a crude and a refined grade. In the roasting of any ba e 
Ltal sulfide, in which arsenic occurs as an impurity, the aisen 
is oxidized, volatilized, and carried off with the flue gases to con¬ 
dense at a temperature of about 218°C, in the cooler parts of 
flue system. There it may be collected with the dust in flue cham 
Lrs Lg houses, or by the Cottrell precipitators. The material thus 
recovered contains 70 to as much as 85 per cent of arsenious oxid^ 
107 Arsenic Roasting. At one plant producing considerable 
quantitit of the material, units of three MacDougall ^ roasters have 
been modified for this purpose. The first roasting furnace has fire¬ 
boxes on the third and fifth hearth; the other three furnaces, from 
which the hearths have been removed and 

^n«f«llcd serve only as condensing chambers. The gas from ine 
first roarer enters the condenser at the top, passes down one si e 
! he pa^ up the other, leaving at the top to enter the top 
of the next condenser, and so on until the last gas passes mo 

*”Thc^bittomTc^t8 of arm^ in the condensers have been retained and 
are operated periodically to remove the 

«pnt to the refining furnaces. The temperature m these roasting fui 
Bent to Uic rcnmiib otherwise the hot gas will cause 

naccs should not exceed 650 O, otherwise the 

fiiHirm of the condensed arsenic in the condensers. » 

I I tn the condensers should not contain more than 50 per cent 
teed to the conuensers suuu hidier-crado material is 

arsenious oxide, to accomplish which the hig g 

usually diluted with low-grade due dust. The crude 
1 Similar to tho Wedge (sec Article 203). 
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from the condensers contains about 90 per cent of arsenic trioxide, 
The residue from the furnaces, containing about 15 per cent of ar- 
^nic trioxide, is sent back to the copper furnaces for retreatment. 

The amount treated per furnace will range from 20 to 30 tons per 
day. ^ 

108. Refining Plant. The crude arsenic is refined in furnaces of 
the reverberatory type, 36 feet long and 14 feet wide, with hearths of 
cast iron plates. They are covered with a thin layer of crushed rock 
m order to facilitate the removal of the residue after the arsenic has 
been %olatilized. Each refining furnace will treat about 30 tons per 
day at a temperature of about 550°C. Ordinarily about 80 per 
Siels material is sent on to the condensing 

The condensing kitchens are simply large condensing chambers 
each one about 225 feet long and divided into about forfy compart¬ 
ments. The compartment nearest to the furnaces is larger than the 
lers an is maintained at a temperature of about 295°C. This 
emperature, slightly above the condensation temperature of arseni- 

carried over Vth non-arsenical dust which is 

the other ^^th the gases. As these gases pass down through 

h s ‘ tern aTr, 

the system at a temperature of 90“ to 100“C. The largest portion 

r oVw^Vmoc^Tir ““P-^ments having^a tempera- 
re 18U to 120 C. Those nearest to the furnace contain a fused 

0 amorphous arsenic, black in color and carrying about 

maSin'th™^" re-refined^o^marLtlr The 

e°ry!wif„:p?wd:r 

s E53£-“= =; ?".* 

a./ehi„„r7de7eeovetd^ 

PRODUCTION OP METALLIC ARSENIC 

iron or steel. One of these retorta°h'pH'7''' “ 

containing 80 per cent of arse ' * ^ f nbout 200 pounds of charge 

■iivided eLreo^ tk 20 per cent of finely 

•iintiUed offTb J e rne“?“‘^‘‘ 

recovered in a condensing system from which the 
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metallic arsenic may be removed. In another method the oxide is 
reduced by hydrogen in a tube furnace. 
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CHAPTER 7 


beryllium 

no. History. Although beryllium, or glucinum, was discovered 
as an element by Hauy and Vauquelin in 1797, it was nothing more 
than “ laboratory product for over one hundred years. Not until 
e middle 1920’s were methods developed for the production of this 
metal on a commercial scale, and as a result the price dropped from 

great deal of the original work was done by the large German elec- 
tncal firm of Siemens and Halske, and in this country we haveto 

production companies-the Beryllium Corporation of Pennsylvania 
and the Brush Beryllium Corporation. Pennsylvania 

111. Economics and Statistics. It is only since lOti; that ein+i 
tms covering the production of this metal have been collected At 
the outbreak of World War II the world's production was s thi 

Thl T; ^ r subsequent production are available 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 

CoeflScient of expansion (linear) 
Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 


9.02 
1.85 
1285°C 
2780°C 
12.3 X 10-« 

18.5 microhms 

0.3847 cal/sq cm/cm/“C/sec 

6.5 

341 cal/gram 
0.425 cal/gram/°C 


^■»^ocai/gram/°C 

beryl waslr^lsTt jss'r tnTord" ’" 1 " " 

purchasers usually demanded “rtl y -pulTet; 

prommately 12 per cent BeO tenor R^n ^ ^ *“?- 

containing about 4 per cent beryllium ^“‘"“'“PPee master alloy 
of contained beryllil To ll^^Z ”7™“ Pound 

y urn. to stimulate production in World War II 



jQ beryllium 

Metals Reserve Company advanced its buying price to $14 50 per 
unit on ores containing 8 per cent or more of BeO, at which price 
it remained for the duration of the emergency. The situation as 
regards the metal is a bit uncertain because a copper-manganese- 
nickel alloy has been developed which is said to have a greater har - 
ening range and fatigue resistance than beryllium copper. ^ 

114 Uses Beryllium is the most effective hardening agent 
known for copper. The addition of only 2.25 per cent of beryllium 
produces an alloy which, on heat treatment, develops a strength six 

limes that of commercial copper. This enormous increase m stren^h 
is accomplished with less sacrifice of electrical conductivity than 
when other hardening agents such as silicon, tin, or phosphorus are 
used The alloy finds wide application in current-carrying springs, 
in electrical apparatus, control apparatus, telephone equipment, dia¬ 
phragms, pressure gages, as well as in bushings, cams, sleeves, and 

'^°ATalloy of beryllium, copper, and cobalt, combining high electri¬ 
cal conductivity and heat resistance, has recently been placed on t 
market. A heat-treated strip will show a 
per cent that of pure copper with a tensile strength of 110,0 p 
per square inch, physical properties which arc not materially 

'"^CattiliVof beryllium-copper alloy are becoming increasingly im¬ 
portant in the manufacture of tools for industries where hazardous 
Tst or vapor conditions exist. Having much better phys.ca prop¬ 
erties than the old bronze safety tools, they are fast replacing them 
" kable properties are claimed for certain bery >um-;«“ 
allovB For example, strip containing 1.9 per cent bciylhum, . 
per cent manganese, and the remainder nickel can bo “ 

heat-treated to a tensile strength of 260,000 pounds per square inch 
with 6 per cent elongation. This alloy also possesses a high degree 

'ThThTgllrr^hum alloys with aluminum and magnesium do not 

seem to have sufficient ductility to be useful m rolled form. 

A^ough beryllium is often mentioned in the press as a light m te 

of particular interest to Sttc durtility 

“ uflcr 2 billion vibration, at 230 por „co„d. 



REDUCTION OF THE METAL gj 

finding means for taking advantage of tire remarkable combination 
of lightnraa and rigidity exhibited by this unusual element, but for 
the time being Its important applications are in the form of alloys 

crust in the , disseminated through tire earth's 

fSReO 41 n ^°! “'"“a's. “f which beryl 

W “Pertant. and at tire present 

the metal. Although some ore is found in this country we are 

anrBrifewVdT^' ''' Africa, 

DnUed States htt f “»“™nces have been reported in the 

United States, but few mines outside those of the Black Hills South 

Dakota, have produced as much as a carload, and most o the do 
ata 

Septam^,1^6!'ZZ2^ttntTeO°o^‘" 

per unit f.o.b. mine. ^ »1» 

coil^oTtl^beXmU?'- 

highly eoncentaw taZ fo; r^X" I"" ‘T ^ 

esses are based on brinmno- k n- • ^ general, modern proc- 

flnoberyllate or as a Xfe „7 “ » a'kaline 

methods, dissolving the beryllium' aft” ',1 '’i'' *ast two 

by an alkaline hydroxiX cXa e o'‘““T^^^ °f ‘he beryl 
carbonate Hieh temnprn+ ui • ’ ^ alkaline earth oxide or 
The fluoride reTovervX 'hlorination has also been resorted to. 

fluosilicate, attack by hydr^Mfe acZlt hZ** 7’'"' 

line fluoberyllates aretoh Mp ^^at the alka- 

yllates are soluble in water, though beryllium fluoride is 

for the reductiorof°L^ylliJL^.^^it I^T outstanding method 
of igneous solutions or by the use electrolysis 

Carbon reduction usually produces a ®o^^om or potassium, 

and it resembles aluminum in that fh ^ ^ rather than the metal 

pert.es St temperatures, and ertrtordL.^ tlXtteXTitk* 
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hydrogen although some experimenters maintain that this hydrogen 
must be monatomic. All this can be accounted for by the extreme 
stability of beryl and its high position in the electrochemical senes. 
Other difficulties that make its metallurgy a perplexing problem 
are that the metal has a high fusion point and a high A^por pressuie 
at a temperature not much above the fusion point; that the pure 
metal is very light and has a tendency to float on slags and on fuse 
electrolytes; that all the halides are highly deliquescent and, after 
they have absorbed water from the air, they cannot be reconverte 
to an anhydrous salt by mere heating because they all ^ydiolyz 
readily; and that when beryllium hydroxide is precipitated it has a 
tendency to occlude and absorb other salts, and there is also a tend- 

encv to form complex basic and oxysalts. , , i 

118 Electrolysis. Metallic beryllmm is produced by the elec¬ 
trolysis of a moHen bath of barium and sodium fluoride, to which 

beryllium oxide or fluoride has been added. The 

ned out at about 1300“C. the metal separating out on a wate 

cooled iron cathode. Most light metals when 

igneous bath have the tendency to separate out into ° “ 

lobules (see Article 73), which tendency is very ^ ^ 

Lryllium. Extreme difficulty is encountered in causing these d P 
to coalesce When they do, as massive metal, they are likely to con¬ 
tain numerous slag inclusions. These may be removed by 
in contoerwith mixtures of alkaline and alkaline halides and dis- 

“nr;irPr^i“'Trberyl is heated, crushed, and ground 
through 100 mesh. It is then mixed with acid sodium fluoride m 
t prop^on of four atoms of fluorine to one of bery hum and 
V • rf/nrl The bcrvUium is converted to sodium fluobciyllate by 

SrsrrHsaSS 

ihlMfrir’and attic potassium permanganate added to om- 
'iTtorl™. This precipitate is flltercd 

.Unm hydroxide added thus ^ otl ea not 

which is fdtered, washed, and dried by more 

to exceed the with 

than a few degrees^ tL nroducing ammonium-beryllium 

acid ammonium fluon *, u-nted to a temperature sufficient 

fluoride, which is briquetted an c beryllium fluoride 

to drive off the ammonium fluoride and leave pure bcryii 
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behind.^ The beryllium fluoride is reduced with magnesium or a 
magnesium alloy m the presence of some metal (usually copper) 
to produce a master alloy, in which form the beryllium is marketed. 
Because fluorine is costly it is necessary to retreat the solutions as 
well as the slags for the recovery of fluorine. 
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BISMUTH 

120. History. Whereas bismuth was produced probably as early 
as the thirteenth century, it was neglected by metallurgists because 
the metal was so impure that these early workers confused it with 
lead, zinc, or antimony, with which it has many properties in com¬ 
mon. The name probably comes from the German word wismut for 
references to it are found in the writings of Valentine 
and Agricola, between 1450 and 1550. It was ^ot until about 1750 
that iL pure metal was produced, proving it to be a distinct ele¬ 
ment, similar in many respects to lead. 

121. Economics and Statistics. As indicated in Table 
is the principal producer of the metal and could easily supply 

TABLE 18 

WonuD’B Bismuth Production by Countries * 

(In Metric Tons) 


Bolivia 

Canada 

Japan 

Mexico 

Peru 


1929 

1932 

1939 

16 

2 

13 

88 

8 

186 

60 

48 

66 

(1936) 

- 

17 

103 

31 

80 

454 


1944 


1 

50 

t 

166 

417 


• Production has never been 

Resources and are sprinted by permiBsion. 

f Not available. 

world'B pcacotimc demand. Although biemuth 

7oC in variou. places in the UniUd States, pnne.pally in Colorado 

P.1^^ cip‘p«Co!t Amedean o. 

ganication. 
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and Utah, no ores are nained for the bismuth content alone. Our 
entire production is a by-product in the refining of copper, lead, 
gold, and sitver ores. The chief American producers are the Ameri¬ 
can Smelting and Refining Company at Omaha and the United States 
Smelting and Refining Company in East Chicago. 

It IS common knowledge that the production and sale of bismuth 
have been more or less continuously controlled by agreements be¬ 
tween a relatively small number of foreign producers. In recent 
years Johnson Matthey & Company of London has become the domi¬ 
nant producer. Under an agreement with the German producers 
this company reserved for itself the American, French, and British’ 
markets^ before the outbreak of World War II. There has been no 
clear evidence that lower prices tend to enlarge the demand and 
since few new uses for this metal have been developed in recent 

years, the theory of maximum returns has generally dictated the 
price of bismuth. 


Bismuth was immediately placed on allocation on the outbreak of 
hostilities in orld War II, and as late as 1945 the supplies were 
still controlled by the Government. 


he Tariff Act of 1930 set the duty on the metal at 
valorem. This rate has not been changed since. 

122. Properties of the Metal. 


7.5 per cent ad 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 

Coefficient of expansion (linear) 
Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 


209.00 
9.80 
269.2°C 

13.45 X 10-« 

115 microhms 

0.0200 cal/sq cm/cm/“C/sec 
3.5 

12.46 cal/gram 
0.0290 cal/gram/°C 


m Marketing and Prices. Bismuth is sold in the form of ho 
™ghmg about 25 pounds, usually packed in wool b„xe“t^^^^^ 
With iron strapping because it is a soft brittle metal A ^ 
the pharmaceutical and medicinal trade’ which de h 

utdicaled in Table 19 from $1.50 to $3.50 per poind ' 
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TABLE 19 

Prices of Bismuth 
(In New York) 



Dollars per 



Pound 


1910 

1.50 

1932 

1918 

3.40 

1939 

1921 

1.50 

1944 

1929 

1.70 

.... 


Dollars per 
Pound 
1.10 
1.20 
1.25 


Highest—$3.50, June, 1917. 

Lowest—$1.00, April, 1938. 

124 Uses The normal, annual world consumption of bismuth 
is in thyn^ghborhood of 400 tons, of wh.ch the United States con¬ 
sumes about one third. The chief use of bismuth, other ‘h™ ‘hat 
consumed in the production of pharmaceutical compounds, is 
the manufacture of solders and alloys of low melting point. T y 
have been employed for many years as the fusible elements in auto- 
matic sprinkler systems, fire-detection apparatus, and for the a 
tomatic releases o[ fire doors, as well as safety p u^ m 

it 

and Watertight iointo between glass and metallic 

Smuth solders are fre,uently ‘-rted to 
cations where low melUng j sealing tin cans in which 

about 15 per cent of „Vstorte "e" has been employed 

WttWtgtarcaW" H has attraetiwe mechanical 

properties and freedom from porosity. manufacture 

Finally, small amounts of b-s™*'' aroused m 

of special ..am in cast irons where greater 

special brake linings for motor cars, 

. Accoimt, for about 75 per cent of the domeetic consumption. 
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fluidity is desired, in certain aluminum alloys where it promotes 
machinability, and in the form of an oxide in glasses and ceramic 
materials. 

125. Alloys. Some of the more important alloys are shown in 
Table 20. The common ones are those with lead, tin, cadmium, and 
antimony. Although only two low-melting-point alloys are shown 

TABLE 20 


Compositions of Bismuth Alloys 



Per Cent 

Pb 

Sn 

Cd 

Sb 

Bi 

Low-melting-point alloy: 






140°C 

— 

— 

40 

— 

60 

70°C 

27.27 

13.13 

10.10 

— 

49.5 

Casting alloy (79‘’-83°C) 

37.61 

11.32 

8.52 

— 

42.55 

Matrix alloy 

28.5 

14.5 

— 

9 

48 

Sealing alloy 

42 

— 

— 

6 

58 

Solder 

27.5 

45 

— 

— 

27.5 


in the table, it is noteworthy that the addition of 10 per cent of 
mercury and 0.6 per cent of gallium to the 70°C eutectic mixture 
gives an alloy of fairly good strength that melts at only 57°C. 
The casting alloy shown in the table is used extensively in children’s 
toy-casting sets since it makes sharp, tough castings; yet the child 
may handle them with bare hands without danger of being burned. 
An alloy containing 58 per cent of bismuth and 42 per cent of lead, 
melting at 123.5°C, shows neither expansion nor shrinkage when 
cast in sand molds and consequently is used extensively for the 
production of master patterns in foundry work and for the proof¬ 
casting of forging dies. It also gives excellent service as a liquid 

seal for many types of annealing, malleablizing, and nitriding fur¬ 
naces. 

and as the sulfide, bismuthinite 
(B12S3, 81.3 per cent bismuth), bismuth ocher or bismite (BiaOa* 
3 H 2 O, 80.6 per cent), and bismutite (Bi 203 C 03 -H 20 , 78.3 per cent) 
being the most common minerals. At the Tasna Mine in Bolivia 
sorting of the bismuthinite ore yields material containing more than 
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25 per cent of bismuth. It is also found as lower-grade material 
in the tin deposits of Bolivia, the bismuth-cobalt deposits of Saxony, 
and the bismuth-gold deposits of Australia and the United States. 

PRODUCTION OF METALLIC BISMUTH 

127. General. Bismuth ores arc usually concentrated by hand 
sorting or water gravity methods. The concentrates or rich bismuth 
by-products from the smelting of lead, gold, or silver ores may then 

be treated by either the wet or the dry method. 

128 Smelting. Bismuth may be extracted from, rich ores by a 
liquation process similar to that used in the recovery of ^^ntimony, 
but treatment in small revcrlieratory furnaces has superseded this 
method. Metallic iron is added to the charge m order to decom¬ 
pose any bismuth sulfide present, and lime, soda ash saIt cake 
fluorspar, and feldspar are used as fluxes to produce a fusible slag. 

table 21 

Compositions of Ciuidk Bismuth * 



Por Cent 

Ounces 

per Ton 

Bi 

St) 

As 

Cu 

Pb 

S 

Tc 

Ag 

Au 

Peril 

AiiHtralia 

U. S. 1 

U. H. II 

93..37 
94.10 
90.4,'') 
9.'’).03 

4..57 
2.()2 
0.91 

tr 

0.29 

0.2(1 

tr 

2.00 

1.94 
3,71 
2.97 

1.32 
0.S7 

0.43 

0.99 

0.21 

1.31 

0.45 

154.5 

120.2 

31.6 

35.92 


by jicrminKton oj ‘ 

* Handbook of Non-b'errouH MrMlurgy (Luiilcll). 

Tho T,ro.litrt» (if tlio treatment are metallic liismutli, matte spoBS 
anil IlaR. The metal la «ent „n t„ rer.ning, tl.c alag to waato m 1 
tl.e niaHc or apeiaa (containing Home Insnintli) is cruslu'd, da.t , 

and reameltecl. Tlie l.ianmtl. produced by tln« ^ 

taina notable amonnta of impurities aa indicated in lablc 21, wli 

I Homo of tho roapfloim taking place arc; 

2Bi()Cl + NaiCOs + 2NaCl + COa 

2Bi()Cl + Ca(OH )2 -♦ + CaClj + HjO 

BiiOi) -I- 3C 2Bi -fi 3CO 
BijHa + 3Fo -» 2Bi + 3FoS 



RECOVERY OF BISMUTH FROM ELECTROLYTIC LEAD SIJME 99 

gives analyses of representative samples. This impure bismuth is 
not suitable for most purposes for which the metal is employed and, 
consequently, must be refined. 

129. Wet Extraction of Bismuth. Frequently, where the bismutli 
occurs in smelter by-products, the wet method of recovery may be 
employed. It consists in treating the finely divided o.xidized ma¬ 
terial, containing 5 to 20 per cent of bismuth, in stoneware vessels 
with hydrochloric acid. After a treatment of 5 to 6 hours, during 
which time the mixture is gently heated and stirred, water ’is care¬ 
fully added until the white bismuth oxychloride just beeins to form 
(Bids + H^O BiOCl + 2HC1). This is allowed to .settle 6 to 
8 hours, and the clear solution is then sijihoned off into wooden tanks. 
Water is added to this solution to complete the precipitation of the 
oxychloride, and the mixture again is allowed to settle. This clear 
liquor IS siphoned off and treated with scrap iron to precipitate anv 
copper in the solution. The bismuth oxychloride is washed with hot 
water to remove as much lead chloride as possible, dissolved in hvdro- 
c one acid, and reprecipitated by dilution with water. This treat¬ 
ment IS continued until the oxychloride is free from all but the la^t 
traces of lead. It is then filtered, dried, and smelted with lime and 
charcoal to metallic bismuth.^ The bismuth produced by this method 
IS much purer than by the smelting method, usually containing only 
ma amounts of lead, silver, and other impurities. The leacii 
residue, which contains lead, silver, and gold, is washed, filtered 
dried, and smdted with lime or soda ash and carbon. The alloy 
thus obtained IS added to the charge of a cupeling furnace for the 
recoyery of silver and gold. 

Beto Lead Slime. The 
an ! ^ P^duction of refined lead yields 

an anode shme containing gold, silver, bismuth, and other elements 

means of a yery carefully controlled oxidation and thpn ^ 
trated into an oxide slap THp crmiri ^ concen- 

bismuth arerecovered as an X if 

aecond furnace and oxidationtnLed u^L“ 
™th, copper, and tellurium have been temo^r^Xrilver dX 
‘ + 3C 4Bi + 2CaCls + SCO,. 
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metal results which can be treated in the conventional manner 
(Article 334). The oxide slag containing some bismuth, copper, and 
tellurium is crushed to a small size, mixed with salt cake and coke 
breeze or soft coal, and smelted in a small reverberatory furnace to 
an impure bismuth matte and slag. The matte and slag are skimme 
off and the bismuth cast into bars for refining. This matte and slag 
are then reworked for the recovery of the bismuth and the other 

131 Refining. Although crude bismuth could be refined by the 
wet method, it is much more expensive; consequently, most of the 
bismuth is liquated on cast iron hearths, or refined by melting with 
fluxes The ones employed will obviously depend upon the impuri¬ 
ties present. Those commonly used are sodium chloride, potassium 
chloride, caustic soda, sodium carbonate, sulfur, and borax. ^ 

A large English producer employs a crystallization P^cess similar 
to the Pattinson process formerly used in the refining of lead. The 
degree of concentration of the bismuth is indicated below: 


Original bismuth in the alloy 
First crystallization gave crystals carrying 
Second crystallization gave crystals carrying 
Third crystallization gave crystals carrying 
Fourth crystallization gave crystals carrying 
Fifth crystallization gave crystals carrying 


Per Cent 
Lead 
14.6 

9.8 
5.1 

3.8 
2.5 
0.4 


The treatment of 10,675 pounds of impure bismuth (5 per cent 

Parkes process for lead refining (Article 380). On tpe wno , 
FarKes piuui. nroducinc a metal containing 99.95 per 

difficulty IS experienced in proaucing a 

cent of bismuth or better. 
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CADMIUM 

132 History. Alllimigli cadmium lias been knotvn as a metal 

si„« iriftit teas discovered by F, Strohmeyer a professor 
Gottingen), tcclinically it is one of flic yourigcl- metals because i 
u«c bas not been fully c.vplored and developed As a matter . 

Tti the early 20's there tvere but few uses lor tins metal and ts 
::‘unence injures was looked upon solely as a source of difficulty 

“"l'3rrnci\c:::d'^sSLf‘urto''lnit 1925, most of the 
133. Economics a Oennanv the production m this 

world’s cadnnuin was produced in Ctiinany, ur i 

TABLP 22 

Wouu.’s Cadmium Piu.i.uction uy Countries * 

(III 'riioiisiintls of PouTi(ls) 



11)10 

AiiHi.raliii 

t 

CiuukIh 

t 

FnuH-o 

1 t 

C(-nn!Ui.y 

21 

Unilod StaU-H 


HH'.tal 

2 

coiopoiiDds 

1 

Mexico 

t 


11)18 


t 

t 

t 

117 

VA 

2f) 

t 


11)21 


t 

t 

t 

28 

38 

32 

t 


11)21) 

11)32 

1031) 

11)44 

4t() 

354 

31)1 

500 

774 

()5 

1)40 

545 

t 

130 1 

108 

t 1 

t 

t 

t 

t 

2841 

433 

800 

4141 

8450 

200 

071) 

325 

1413 

11)0 

t 

15-40 


(HvimvKii uu r . .. _ ,, ,1 I, 1 , Y’,, 

. 7'L Mvural Irdn.lry, McCmw-ihll Book Co. 

I Noll iivailul'lu- 

the uuioinotiye wlirMWa.' 1 c'lls fnmi 

very rapidly- Uly ('oniiany from which statistics 

Tnl.h^ 22 , this country, aiuirt ftoin (oiniany, 

, now Hixleon ,..o.lncinK romcmiuH in duH countiy. 
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have not been available in recent years, is the largest producer of the 
metal. 

Since the inception of metal controls during World War II, cad¬ 
mium has stayed in the critical or most critical list (supplies were 
allocated as late as 1945). Although increased zinc production 
brought an increase in cadmium production, it did not begin to meet 
military demands for plating and bearing alloys. As the United 
States was the dominant world producer and the other important 
producing countries (Norway, Poland, Belgium, and France) re¬ 
mained all, or part, under enemy control, the needs of the Allies 
had to be met with domestic metal. Our wartime consumption was 
probably of the order of 3900 tons per year. 

The Tariff Act of 1930 set the rate on metallic cadmium at 15 cents 
per pound. This rate was lowered to 7.5 cents per pound on Janu¬ 
ary 1, 1939, by a trade agreement with Canada. 

134. Properties of the Metal. 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 

Coefficient of expansion (linear) 
Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 


112.41 
8.65 
320 “C 
769 “C 

29.8 X 10“® 

7.59 microhms 

0.217 cal/sq cm/cm/°C/sec 

2 

13.17 cal/gram 
0.0547 cal/gram/”0 


135. Marketing and Prices. The metal, depending upon the use 
to which it is to be put, is marketed in a variety of forms such as 
ingots, rods, pencils, and balls. The price range over a period of 
years is shown in Table 23. The first increase in use and rise in 


TABLE 23 


Prices of Cadmium 
(In New York) 



Dollars per 


Dollars per 


Poitnd 


Pound 

1910 

0.634 

1932 

0.55 

1918 

1.48 

1939 

0.60 

1921 

1.09 

1944 

0.90 * 

1929 

0.81 



Highest—1.60, November, 1937. 

Lowest—0.50, June, 1926. 

• Fixed by the Office of Price Administration in January, 1942. 
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price were brought about by the rapid acceptance of the metal as a 
plating medium. Still later, another increase occurred when the 
development of a silver-cadraium-bearing alloy for automotive and 
aeronautical engines brought competition between the two industries 

for the limited supplies of metal. , j • 

136 Uses In normal times the most common use of cadmium is 

as a protective coating tor other metals, particularly steel. Its chief 
advantages as compared to sine arc: (1) much thinner coatings 
sufficient tor protection. (2) larger amount deposited by a given 
amount of current, (3) lower rate of solution by common atmosptem 
agencies, and (4) retention of attractive color and polish for a very 
m^uch longer time. Since 1940 bearing alloys have consumed large 
amounts of the metal, particularly the silver-cadmium ones for serv¬ 
ice under high-bearing pressures and at high speeds. 

A third important use, although one not involving any great ton¬ 
nage is in the production of low-melting-point alloys for specml 
soldc'rs and fusible alloys for lire extinguisher systems m large build 

’"?37 Alloys The principal alloys are those with silver, lead, and 
biruth positions of which can be found tabulated under the 

” 138.^ Or«. The only cadmium mineral of any importance is green- 
ockitc (CdS, 77.7 per cent cadmium), and even this one is no oun 
L depls of any sire or importance, being usually associated, m 
"maluLunts, wM, sphalerite.. The world's output o»~ 

obtained largely from the residues of ‘- 

lithonhone plants, where it used to be regarded as a tioublcsome 
purity These sources are supplemented by the fume from lead and 
TpTr smelters. A small quantity of secondary me al is covered 
from the manufacture and reclamation of automobile bearings. 

EXTRACTION OF 

electrodeposition 

139 The Midvale Plant, A large amount of cadmium is recovered 

alon^Jth the copper a. a precipitate- in the final purification o 
.The sine cooccnlrutc. of the TrislaU. region average about 0.4 per «nt o 
''^m"r«ent year, about 30 per cent of the domssti. production of cadmium has 

'’“tS "te umially contain. 70 to 76 per cent Cu, 1 por cent Cd, and 3 
ner cent Zn. 
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the zinc-sulfate solution in the electrolytic production of zinc. The 
flow sheet of one such process is found in Chapter 26. 

An electrolytic method has been used to some extent at Midvale, 
Utah, in the treatment of flue dust from the lead smelter. The treat¬ 
ment of this dust, which contains arsenic, 47.8 per cent, cadmium, 21.8, 
lead, 11.0, copper, 0.1, sulfur, 2.0, zinc, 1.3, iron, 0.5 and silica, 0.4, 
is as outlined in the next three articles. 

140. Roasting. The material is roasted at a low temperature, 
ground to about 20 mesh, mixed with an equal weight of 60°Be ^ sul¬ 
furic acid and enough water to form a thick paste, and heated in a 
small reverberatory furnace until fuming has ceased. This procedure 
serves to reduce the arsenic to about 7 per cent and converts all the 
base metals to sulfates. 

141. Agitation. The material is transferred to an agitator, leached 
for about 20 minutes to dissolve the sulfates, and neutralized with 
lime to precipitate zinc, iron, and lead (if copper is present, it is 
precipitated with sodium sulfide). This pulp is then filtered, washed, 
dried, and shipped to a lead smelter for the recovery of the lead. 

142. Electrolysis. The solution containing about 12 per cent cad¬ 
mium from the above filtration is taken to small tanks where, be¬ 
tween sheet aluminum cathodes and Duriron anodes (using the mul¬ 
tiple system), it is electrolyzed at a current density of 5 to 8 amperes 
per square foot at 3 volts.^ The current efficiency is about 75 per 
cent. After stripping, the cathodes are melted in iron pots under a 
cover of caustic soda and cast into shapes for market. 

THE AMERICAN ZINC, LEAD, AND SMELTING COMPANY 

143. General. A novel and interesting plant is that of the Ameri¬ 
can Zinc, Lead, and Smelting Company. This plant is designed to 
treat 200 tons per 24 hours of raw zinc concentrates containing 60 
per cent of zinc; 0.1 to 1.0, lead; 0.10 to 0.40, cadmium; and 30, sul¬ 
fur; and producing Prime Western, brass, and intermediate grades of 
slab zinc, zinc pigments, cadmium, and lead by-products. The prin¬ 
cipal steps in the flow sheet, shown in Figure 12, are outlined in the 
next five articles. 

60 Be has a specific gravity of 1.71 and contains 77.67 per cent H 2 SO 4 . 



Grams per Liter 


Zn 

H 2 SO 4 

Cd 

31 

nil 

177 

31 

65 

104 


Cell feed 
Cell discharge 
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144. Roasting. Flotation concentrates are preroasted in three 12- 
carth Herrcshoff muffle roasters and one Hegeler roaster fired with 
atural gas yielding calcine, flue dust, Cottrell dust, and gas. The 


a Herreshoff roaster 
b Acid plant 
e Cottrell dust 
d Flue dust 

e Sulfuric acid tank car I 

f Calcine conveyor 
Nat 


(a) zinc conctnimet 


Oj Briquetting press 
b I Fans 

Cl Suction filter 



g Screen ,_ 

h Calcine storage 
i Residue *' 

J Cottrell dust 
k Flue dust •* 

I Mixed fuel •• 
m Return sinter ^ 
n D & L sintering machine 
o Oversize ... 

P Undersize (finished sinter) 
q Zinc chloride solution tank 
r Cottrell precipitator 
a Zinc reduction furnace 
t Cadmium " " 

u L6adod zinc oxlda lurnacs 
V Mixing tanks 
w Filter presses 
X precipitation tank 
y Dryer 
t Mixer 




rr' _Plnnf.. 
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proportions will be determined by the characteristics of the sinter to 
be produced. The fume from the blast sintering machines, recovered 
m a Cottrell precipitator, will contain 15 to 25 per cent of zinc; 4 to 
25, lead; 10 to 25, cadmium; and 20 to 35, chlorine. 

145. Zinc Distillation. The D & L sinter is crushed, mixed with 
reducing agent, and charged into a horizontal, batch, retort furnace 
yi6lding metallic zinc, blue powder, and residues. 

146. Leaching. The Cottrell dust from the D & L roasters is mixed 
with water, sulfuric acid, and sodium chlorate, and agitated in a 
bnck-lined tank. The chlorate oxidizes any sulfur dioxide which 
may be pressed together with other reducing agents in the solution 
in preparation for the next step.^ Cadmium and zinc go into solu¬ 
tion; the lead precipitates as the sulfate (contains 50 to 60 per cent 

ead), IS filter-pressed, washed, and sent to the blast furnace for 
reduction. 

_ 147. Precipitation. The solution containing the zinc and cadmium 
IS transferred to another agitation tank, acid added up to 10 per 
cent, heated to 80°C, and zinc dust added slowly to precipitate the 
cadmium. All the cadmium can be precipitated as a sponge, but to 
cut down contamination with excess zinc, only 90 to 95 per cent is 
so precipitated. Unless sulfur dioxide had been removed with chlo¬ 
rate, side reactions would go on and some cadmium would be con¬ 
verted into the sulfide (not recovered in the next step).^ 

148. Cadmmm Distillation. This sponge is filter-pressed, washed 
and, as a product containing 30 per cent of moisture, 69 per cent of 
cadmium and 0.5 per cent of lead, sent to a steam drier. It is then 
thoroughly mixed with reducing agent and lime and distilled at 9I0°C 

nnwH “'h-type retort, yielding cadmium metal, blue 

powder, and residue. The residue containing 1.5 to 6.0 per cent of 
cadmium, 7.0 to 30.0 per cent of zinc, and 1.5 to 8.0 per cent of lead 
3 returned, as feed, to the D & L roasters. The zinc chloride-sulfite 
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PbO -f H2SO4 PbS04 + H2O 
3SO2 + NaClOs 3SO3 + NaCl 
’ CdS04 -f- 4802 CdS + 480.3 
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CHROMIUM 

149. History. Although chromium was discovered as early as 1798 
by Louis Nicolas Vauquelin/ it is only in comparatively recent times 
that uses have been found for the metal. Vauquelin prepared numer¬ 
ous compounds of this metal, noted that most of them possessed re¬ 
markably distinctive colors, and named the new element chrome, a 

envative of the Greek word chroma, meaning color. He attempted 
to produce the metal, but probably produced only the carbide since 
he described it as consisting of brittle, infusible, needlelike crystals. 

unng the next sixty years many attempts were made to use this 
element, but it was not until 1859 that Wohler obtained chromium 
y the reduction of the chloride with zinc, and it was not until the 
tmn of the twentieth century that commercial metal became avail- 
a e through the use of the Goldschmidt process. 

150. Economics and Statistics. As indicated in Table 24, New 

mi, producers of the world’s chro- 

( lefly in California, Oregon, Montana, and Washington), none of 

“^,1: T encouragement^ the wa^ of 

supplying our own and increasing needs. During World War I how 
ever, as much as 79,000 tons per year was produced. ’ 

temrun wlTw P™**'*'™ “ War II followed the pat- 

n set in World War I, domestic production increasing from a few 

hundred tons per year in 1938 to nearly 150 000 in 1943^ A + 
conflict and were not released until 1945 

.eJed J:?! of/s str' 

ferrochromium and of 30 Z chromium content of 

These duties h;ve since been reduced jfssT T 

per cent ad valorem resnectivelv W \ 25 

and Canada. ’ ^ agreements with Sweden 

. * analyzing a specimen of “Siberian red learl » j 

malJy reduced the metal from its oxide. ’ ^ a new acid, and 

109 
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TABLE 24 

World’s Chromite Production by Countries * 
(In Metric Tons) 


--- 

1921 

1929 

1932 

1939 

1944 

Cuba 

India 

610 

35,320 

53,799 

50,361 

500 

18,190 

66,926 
44,767t 
(1938) 

192,131 

t 

New Caledonia 

29,458 

59,147 

69,429 

52,000 

126,748 

t 

t 

Philippines 

Rhodesia 

Russia 

4,013 

t 

265,909 

30,000 

15,692 

62,100 

139,083 
217,000 t 
(1936) 

t 

t 

Turkey 

South Africa 
Yugoslavia 


15 078 

55,196 

210,000 

150,000 t 

1,078 

10 

63,974 

43,023 

19,371 

43,925 

157 

160,014 

44,097 

3,672 

20,000t 
t 

41,394 

United States 

286 

Z/o 



Total 

(World’s) 

128,594 

611,200 

298,500 

950,000 

t 


(Reprinted hy permission of McGraw-HiU Book Co.) 
* The Mineral Industry, McGraw-Hill Book Co. 


t Not available. 
X Estimated. 


151. Properties of the Metal. 

Atomic weight 
Specific gravity 
Melting point 
Boiling point 

Coefficient of expansion (linear) 

Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 

162. Marketing and Prices. Since a large tonnage of 'hromuinus 

marketed in the form of ferroohromium, Pnee range o 

mnditv rather than the metal is given m Table 2D. 

163 Usl Because of the brittleness of the commercial metal, no 

f ri fnr it • hut in view of the fact that chro- 
extensive use has been found for it but ™ 

mium has a somewhat higher meltag point, higher luster, in 


52.01 

7.14 

leifi^C 

2200°C 

8.1 X 10“® 

13.1 microhms 
0.165 cal/sq cm/cm/°C/sec 
9.0 

31.75 cal/gram 
0.12 cal/gram/°C 
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TABLE 25 

Pbices of Ferrochromitjm 
(High Carbon, 60-72 Per Cent Chromium) 



Dollars per 


Dollars per 


Gross Ton 


Gross Ton 

1910 

150 

1932 

154 

1918 


1939 

156 

1921 

220 

1944 

185 t 

1929 

173 

.... 


Highest. * 

Lowest— $120, April, 1932. 

Not available, but transactions were made at prices as high as $400 per ton, 
t Fixed by the Federal Government. 


sistance to corrosion, better electrical conductivity, and is harder 
Uian iron, research along these lines should be fruitful. It is interest¬ 
ing to note that, when very pure chromiuna has been obtained by the 
reduction of the dioxide with hydrogen in a vacuum, the resulting 
metal is ductile enough to be drawn out into the wire form but of 
course, expensive. It is unfortunate that chromium metal, even of 
per cent purity, has such a coarse granular structure and is so 
brittle. It requires little imagination to see how vastly important to 
industry would be a reasonably pure, tough chromium, having as it 
would this favorable combination of properties. 

Probably the most important use of chromium is as an alloy called 
fcrrochromium containing 60 to 80 per cent of chromium and variable 
oun s of carbon, which is employed as an alloying agent in the 

urn and nickel, a wide variety of these alloys can be produced 
having very high strength, resistance to corrosion, to abrasL and 
to oxidation, and scaling at high temperatures. ’ 

A small tonnage is involved in chromium plating, where the metal 

X“rel“ n::t‘‘r “““ 

mnrp Tb T r ^‘“«®phenc corrosion or less luster. Further 
rPAll ’ "^ear resistance of the deposited metal (it is 

y a chromium-hydrogen alloy) are effective in increasing the life 
machine and engine parts since these mayTeZu? 

r-u of additional research. lohibitiororiSntTZs:^! 



^2 CHROMIUM 

able cost is still one of our greatest industrial problems, and at the 
present time chromium appears to offer the greatest possibilities. 
The discovery of still better alloys or methods of producing chromium 
at a lower cost would indeed be a boon to civilization. 

154 Alloys. Chromium, in small proportions, does alter the prop 

erties'of aluminum, copper, and a few other non-ferrous metaR On 
the whole, however, these alloys are not important; consequently, the 
^Llma ority of chromium alloys are ferrous. To ^ 

the compositions of these alloys will not be given m this book. For 
formation concerning them the student is referred to the specialized 
textbooks or handbooks listed in the bibliography. 

155 Ores. Since 1828, when the first chrome iron ore was mined 

thrcount“ (in Marylind and Pennsylvania), several countoes, 
ILh in to, have dominated for limited periods the world s produc- 
tion of chromite (FeCr 204 , 46.4 per cent chromium)-the ^nly ^ 
nortant ore of this metal. Ore to be used in the processes as they 
List today should contain not less than 40 per cent of chromic oxide. 

production of chromium metal 

166 Goldschmidt Process. Chromium metal may be produced 
comm'erdally by the thermite process (the reduction of chromic onid 
by aluminum) according to the following reaction; 

CtsOs + 2A1 -* 2Cr + AI 2 O 3 C) 

The chromic oidde is obtained from sodium bichromate by reduction 
with sulfur according to the reaction 

NazCrjO, + S -> NajSO. + CrjOs ® 

The reduction is carried out in a magnesite-lined 

external heat because the reaction is very strong y ™ ® usually 

:fr:mium metal produced contains some —» 

f"^TCr;tt::ii;srof tL Utity ^ 0— 

“haTged, a metal containing as much as 99.5 per cent chromium can 

—y that a fairly pure chromium 

bv the reduction of chromic oxide with carbon. P Fneland 

rJXction with c^cium carbide «toVdep^^^^^ 
16T. Electrolytic ^ “‘^XcLlysis of chromic acid 

SiT:r.rg 
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operation, owing principally to the fact that the current efficiency is 
of the order of 15 per cent, renders the metal thus produced very 
expensive. 


PRODUCTION OF FERROCHROMIUM 


158. The Process. High-carbon ferrochromium is usually reduced 
from lump chrome ore, coal or coke, lime, and fluorspar in a single¬ 
phase arc furnace. These ferro-alloy furnaces are distinguished from 
steel-melting furnaces in two respects. First, they operate as pure 
resistance furnaces. The formation of an arc is in most cases un¬ 
desirable. Second, the charge in the ferro-alloy furnace undergoes 
much more sev.ere change than the charge in a steel furnace; conse¬ 
quently, the chemical composition at different levels is entirely dif¬ 
ferent in ferro-alloy furnaces from the uniform compositions exist¬ 
ing in the steel furnace. The ferro-alloy furnaces are non-tiltable, 
charged continuously from the top, discharged at relatively short 
intervals of 1 to 3 hours by tapping, but never entirely emptied. 
They are operated with an “open” top, with electrodes submerged 
about 2 feet in the charge, and lined with carbon. The reaction is 
vigorous, with most of the reduction occurring in the higher tem¬ 
perature zone around the electrodes. For this reason lump ore works 
best by increasing heat transfer and reducing channeling. The power 
consumption is about 3 kilowatt-hours per pound of chromium in 
the alloy, and the electrode consumption is 60 to 70 pounds per ton 

0 a oy. Linings last 1 to 3 years. Recoveries are of the order of 80 

to 85 per cent in making the 68 per cent alloy, with carbon varying 
from 4 to 6 per cent. ^ 


Low-carbon alloy can be made by a two-stage process. First 
chrome ore is ruixed with quartzite, lime, and carbon to produce a 
chromium silicide low in carbon. The second step consists of adding 
ump chrome ore to the chromium silicide in a second furnace to 
reduce the chrome ore with the silicide, thus producing a high-grade 
ferrochromium, low in carbon. ^ ^ 

Much of the loss of metal is in the form of metallic particles which 
o not settle out of the slag, and, although most of them can be re- 

Xto hf d-ffi “r“"l concentration, this loss obviously 

adds to the difficulty and expense of the processes. ^ 


PRODUCTION OP CHROMATES AND BICHROMATES 

159. The Proems. A chromite ore containing 40 per cent or more 
romic oxide is sintered with sodium carbonate. If the ore con- 
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.ains sulfur, it must first be removed. If there is --.'j 

sodium sulfate forms, during the first roast, and will later dissol 

along with the sodium chromate. The ore "g ^^6 

mixed with sodium carbonate and limestone and roasted for 8 to 

hours in the reverberatory furnace at a low temperature in or er n 

to melt the charge. Limestone does not enter into the reaction b 

sL^y to make the charge more porous and 

During the roast the charge is rabbled at mterva s and ^d 

out onto a cooling floor. The chromates are then ^ 

tanks, agitated with boiling water, and calcium 

the addition of sodium sulfate., leaving the chromium m solut . 

rr If S'^rrcroSrps’a^ 

rcr^^teTuTS'^ater, adding sulfu™^^^^^ 

the sodium ® \rther crystallization, Na2Cr207-2H20. 

ThtraSs tv5“d"!;°t’ie‘ above ciTanges are given belo,. 
dFeCreO, + SNaeCO, + 70, ^ 2Fe,Os + SNasCrOr + 8CO, (3) 
2Na,Cr04 + HsSO, - Na,Cr,0, + H,0 + NasSO, ( ) 

CafOH), + NaaSO* -» CaSO, + 2NaOH O) 
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COBALT 

160. History. Although cobalt metal was not isolated until about 
1735 by Georg Brandt, the use of cobalt minerals as pigments, by 
potters and glass workers, goes back to a time before the Christian 
Era. Cobalt blue glass was found in the tombs of the Egyptians 
and in the ruins of Troy, and many of the bright colors used by the 
ancient Greeks and Romans contained compounds of this metal. The 
term “cobalt” is found in the writings of Paracelsus, Agricola, and 
Valentine, being used to denote substances which, although resembling 
metallic ores, yielded no metal by conventional smelting. The name 
itself is of German origin, probably having some relation to kobold, 
meaning goblin. 

161. Economics and Statistics. The world’s production of cobalt 
in 1939 was slightly over 4800 tons. Since then no data on world 
production have been available, but in 1943 the chief producer was 
the Belgian Congo with 1976 tons and Canada next with 400 tons. 
New uses and increased demands resulted in an active search for the 
metal and the discovery, in 1926, of sizable deposits in the Congo so 
:hat by 1944 this district produced 1695 tons as compared to 17 tons 
yy Canada. The United States, although it is the leading consumer 
)f cobalt metal among the countries of the world, is a relatively un- 
mportant factor in world production. 

During World War II, supplies of this metal proved adequate be- 
:ause under wartime stimulus new sources were opened up in Missouri 
ind Pennsylvania, mostly as a by-product in treating other ores. 

Cobalt metal was placed on the free list in the Tariff Act of 1930; 
iuties of 20 cents per pound on the oxide and 10 cents per pound on 
he sulfate were levied. The metal is still admitted free, but in 1939 
he rates on the salts were lowered to 10 cents and 5 cents per pound, 
■espectively, by trade agreements with Canada and Belgium. 

162. Properties of the Metal. 

Atomic weight 58.94 

Specific gravity 8.9 

Melting point 1480°C 
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Boiling point 

Coefficient of expansion (linear) 
Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 
Specihc heat 


2900°C 

12.08 X 10"® 

9.7 microhms 

0.165 cal/sq cm/cm/^C/sec 
5.5 

58.38 cal/gram 

^ ^ 0.0989 cal/gram/°C 

Specific heat 

163. Marketing and Prices. Cobalt appears on the »-ket “ the 
form both of compounds and of the pure metal. “etel “ 

keted in three forms-rondelles, shot, and anodes. Most of the p o 

C-- ■"—-■ '■ 

pound in New York during 1945. ^ u jg in high-speed cutting 

164. Uses. The largest single use of cobalt sm mg 

alloys, where it has played an ^ still later in 

high-speed steels of the coba t-c the cobalt 

stellite, and Anally in -bides. 

serves as a supporting m Telephone Laboratories, can be 

Vicalloy, developed at the Be P commercial mate- 

made to hold more permanent magnetism tl y 

rial. Furthermore, this a loy can be mUed ^Manufacture of mag- 

Another very important “1^^ * ° 1 and iron have developed, by 
netic alloys. Such alloys with ""d > “ ^ rting, in some 

heat treatment, "MM^tfmrS'weight by magnetic attraction. 

:r: 

compounds from carbon monoxide and hydros 
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165. Alloys. The more common alloys are made with iron, nickel, 
chromium, and tungsten, the more important of which are shown in 
Table 26. 

TABLE 26 


Compositions of Cobalt Allots 


Per Cent 



Co 

Cr 

W 

C 

Ni 

Fe 

V 

Mo 

Mn 

Ti 

High-«peed steel 1 

5 

4 

14 

0.75 



2 

0.50 



High-speed steel II 

12 

4 

20 

0.80 

_ 

__ 

1.25 

0.60 



Stellite 

45-55 

30-35 

12-17 








Cemented carbide 

13 

_ 

82 

5 







Magnet steel I 

35-^1 

3-6 

4-7 

0.90 

_ 

balance 



0.30-0.85 


Magnet steel II 

15-30 



— 

10-25 

balance 





Magnet steel (Vicalloy) 

36-62 



— 

— 

30-52 

6-16 

— 

— 



166. Ores. Cobalt is not found native, being mined along with 
other metals. In Cobalt, Ontario, the leading metal is silver with 
some nickel and arsenic; in Belgian Congo, cobalt occurs as a minor 
consdtuent of copper ores as it does in the New Caledonia deposit; 
and in the German deposit, bismuth occurs along with cobalt. The 
most common cobalt minerals are linnaeite (C03S4, with some nickel 
and iron, about 58 per cent cobalt); smaltite (C 0 AS 2 , 28.1 per cent) • 
and cobaltite (CoAsS, 35.5 per cent). 


PRODUCTION OF COBALT METAL 

167. Blast Furnace Smelting. The ore is charged (with or with¬ 
out previous roastings) into the blast furnace and smelted with the 
necessary fuel and flux, producing a crude silver bullion, speiss, matte 
and slag. Bullion, speiss, and matte are tapped from the crucible 
is allowed to run to waste. The bullion, from 
^ to 800 fine in silver, is then sent to an electrolytic refinery, 
ypical analyses of these products are indicated in Table 27 

the H the Speiss. The “raw” or “green” speiss from 

fuma* * !u “ reverberatory 

even to 3 or 4, during which operation a large proportion of the anti- 

“p^e^nt a“s';h calcte“ill 

be present as the arsemte, arsenate, and metallic arsenic.^ The tem- 

^ 5Afl203 -* 3 AS 2 O 5 + 4A8. 
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table 27 


Compositions of Blast Furnace Products 



Per Cent 

Ounces per Ton 


Co 

Ni 

As 

Fe 

Cu 

Sb 

S 

Pb 

Ag 

Speiss 

Matte 

Bullion 

Slag 

20 

9 

12 

4 

1 

Ni + Co 
1.0 

23 

5 

1 

18 

27 

2 

3 

12 

8 

1 

1 

23 

5 

800 

2000-7000 

75 per cent 

4 


peratuie maintained is in the neighborhood of 400»C “ ^ 

Lees of the roast, being completed by being raised to about 850 0. 

cllle is to’be cyanided, in order to remove the silver or gol , 
it is given another ohloridising roast to reduce the “isenic content t 
2 o5 3 per cent. If the roasted speiss is not to be cyanided, it can be 

roasted speiss, or the residue from the cyanide 
trea'mente for silver, is mixed with concentrated sulfuric acid m a 
cast iron pot heated, and stirred until the sulfating action >« 

ThL sLLd speiss'is charged into wooden tanks 

water to dissolve most of the copper, iron, cobalt, ^ m- 

Autimonv hydrolyzes and precipitates as a fine white powder, .r 

nally, the acid is neutralized with Lu- 

rrtSLeXS,Tud^ residue returned to ^ 1- 

Lee for treatment. Incidentally, " 

silver, and, where the silver has “'^L,oyed in the treat- 

can be smelted in a manner similar to that employ 

ment of high-grade si^on— , 

170. Removal of Impurities. hydroxide 

arsenic by precipitation with calcium carbon i 

tends to remove the last traces o jg added, precipi- 

the solution from the iron tanks, so 
^ oil thp Conner as basic carbonate, inis coppe 
lovedlduLwed in sulfuric acid, and the copper recovered. 
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171. Precipitation of the Cobalt. After these base metals have 
been removed from the sulfate solution, the cobalt is precipitated 
with an alkaline solution of sodium hypochlorite made by passing 
chlorine gas into a solution of sodium hydroxide and sodium carbon¬ 
ate. The mechanism of this precipitation is not completely worked 
out. Probably the first reaction taking place is the precipitation of a 
basic carbonate of copper of the composition CuC 03 -Cu( 0 H) 2 , fol¬ 
lowed by the reactions 


NaCI -f CoaOg-SHaO 
2NaCl + CosOs-SHsO 


( 1 ) 

( 2 ) 


2 Co(OH )2 + NaOCl -f- H 2 O 
2 Co(OH )2 + 2NaOH + CI 2 

— - \ - y 

The precipitated cobaltic oxide (C 02 O 3 ) probably undergoes rapid 
alternate reduction and oxidation in the presence of the hypochlorite 
and in doing so acts as a catalytic agent to promote rapid evolution 
oi oxygen. The precipitation is stopped when nickel begins to come 

down with the cobalt, and the precipitated cobalt is sent on for 
reduction. 

The solution from the cobalt tank is sent to intermediate tanks 
w ere the last traces of cobalt are precipitated along with some of 
the nickel and the precipitate thus obtained is sent back into the 
system to be redissolved and retreated. The remaining solution con¬ 
tains approximately 5 to 8 grams per liter of nickel, which is precipi- 
tated by soda ash as a basic carbonate of a similar nature to the 
obalt precipitate. Altogether approximately 95 per cent of the 
n ckel can be obtained. This hydrated nickel oxide is black in color 
can be calcined to the green oxide (NiO), and marketed as such 
172. Reduction of the Oxides. The cobalt and nickel oxides are 

coS'l^lSitt with charcoal, 

coke and I mestone forming a metal and fusible slag. The final 

cobalt metal contains about 1 per cent of carbon, 0.015 per cent of 

su fm, and is shotted and packed in barrels for market 

„ contain the cobalt 

roasted. The u ,!^1 r “ it must be 

as?and“d‘° aTabl"' Soda 

sodtam a Jnatr " “““ water to remove the 
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The cobalt solution passes through one or more purification steps 
to remove iron and elements of the copper group, and cobalt carbon¬ 
ate is precipitated under carefully controlled pH conditions. This 
carbonate is dissolved in an acid electrolyte containing ^ 

boric acid, and sodium fluoride. Electrolysis is carried in an 
open, multiple cell between lead-silver anodes and stainless stee 

cathodes. SUGGESTED REFERENCES 

American Institute of Mining and Metallurgical Engineers, Modern Uses of Non- 
hT™ a o/ Metallur^al Practice, D. Van Nostrand Company, 

Company, New York, 2nd Edition, 1945. 

The Mineral Industry, McGraw-Hill Book Company New York. 

Mineral Resources, U. S. Geological Survey, Washmgton. 
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COPPER 


History. Copper was certainly one of the first metals known 
to man. Sometime in the late Stone Age, about 13,000 b.c., some 
primitive hunter picked up from the glacial drift a dark brown, heavy 
nugget. He found that it was bright when scratched, and hard, yet 
could be worked, being malleable and ductile. A medicine man or 
toolmaker, finding that these nuggets could be formed, ground, or 
polished, fashioned weapons and utensils from them. The demand 
for these utensils, which were more attractive than those made from 
stone, brought about a shortage of nuggets so that the workers were 
forced to go to outcrops of the ore for their raw materials. Finally 
some savage found a pellet of the metal in a fireplace, built over the 
outcrop of some oxidized ore, and the real production of the metal 
began. The early Egyptians were making copper knives and weapons 
8000 years ago and pipes or tubes as early as 2750 b.c. These ancient 
metallurgists soon found that alloys of copper possessed more attrac¬ 
tive properties than the pure metal. A bronze mirror has been found 
which was probably made as early as 1800 b.c. The Roman supply 
was drawn from Cyprus; became known as cyprium; was shortened 
to cyprum; was corrupted to cuprum-whence comes our word copper 

and the chemical symbol Cu. Copper was important in those ancient 

days; it is today, in point of tonnage as well as utility, the most im¬ 
portant and widely used non-ferrous metal. 

wtlu f The United States, up to the time of 

World War I, produced most of the world’s copper; it still is the 
largest single producer (see Table 28). At the turn of the present 
century we produced about 66 per cent of the world’s output, but by 
1939 this was reduced to less than 25. In 1946 a great shortage of 
copper developed, the price was increased to 19.5 cents per pound 

Sola 4 industry developed among the 

Hev 1 -^fMan producers. One of the most important 

f Dotrwh 1 “ Production to 

pomt where it now has a large exportable surolus. Tn .WK 
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TABLE 28 

World’s Copper Production by Countries * 

(Metric Tons) 

1910 1918 1921 1929 1931 1939 1944 


.r- 7nifi 81 110 39520 156,547 i4U,/oo oju,.ox , 

“• si s s =“ sr. ss 

r ii is s == s' = s 

S U - 25,803 30,678 107,0001 t 

” Stats 402,672 865,692 220,331 931,103 231,708 666,783 l.Og^ 

Total 866,640 1,304,870 533,309 1,921,639 905,478 2,161,522 t 
(World’s) I ------- 

{Reprinted by permission of McGra^HiU Book Co.) 

• The Mineral Industry, McGraw-Hill Book Co. 
f Not available. 

America particularly in Chile and Peru, enormous deposits | of cop- 

So serious a ^ ^ association was 

r^cd'in 1926. whose purpose 

This functioned over a period of six years, but 

^ nt Bin Philo Copper Company at Chuqui- 

1 The latest estimate of reserves of the Chile uopp 

“rrtd :fST.,e«^ tap-'-'" 

producers were: p^Cent 


156,547 

109,908 

316,813 

75,469 

78,708 

25,803 


140,783 
113,736 
103,173 
1 71,877 
34,100 


355,781 

281,465 

339,173 

77,000 

48,798 


30,678 107,000 


247,600 

224,437 

490,441 

t 

32,974 

t 


865.692 229,331 931.103 231,798 666,783 1.022,382 


Mufilira 
Nchanga 
Rhokana 
Roan Antelope 


Tons 

164,836,000 

143,780,000 

117,967,000 

109,000,000 


Per Cent 
Copper 
4.11 
4.66 
8.44 
8.44 


C<»tr»t «»* OK. »» «><* o' 
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gether successful nor within the law. Accordingly, new conditions 
arising in this country, finally, in June, 1932, a tariff of 4 cents per 
pound was imposed on all imported copper, except that from Cuba. 
This tariff is still in force, although the Federal Government brought 

in several hundred thousand tons of duty-free copper during 1942- 
1945. 

The outbreak of World War II brought with it new problems for 
the industry. The metal was at once put under close allocation with 
very little available forrcivilian use; this restriction was not lifted 
until 1945. Every effort was also made to increase production. This 
took the form of intensive exploration, the extension of old operating 
units, the building of new mills and smelters, the payment of a pre¬ 
mium of 5 cents per pound to bring into production certain marginal 
properties, and the importation of large amounts of copper from 
South America, Africa, and Canada. Much of this was costly metal 
because we were obliged to compete with England in the foreign 

demands were prodigious—of the order of 
1,700,000 tons in 1944—the efforts were successful because at no 
Ume did lack of copper seriously interfere with the work of the war 
The important ore-producing states in this country were, in short 


Arizona 

Michigan 

Montana 

Nevada 

New Mexico 

Utah 


19S8 

1943 

210,175 

397,434 

37,640 

45,498 

78,125 

138,295 

46,828 

71,553 

21,956 

78,804 

114,938 

325,961 


or scrap copper is a very im- 
^rtant factor in the copper industry (see Article 696). The^tio 

than 0.60 a decade ago. The reason is found in the more ranid 
rolwence of electrical equipment in the form of radios motors^ 

^formers cable, etc., as well as a more extended use of Cer in 
general industry because of its low price. 

177. Properties of the Metal. 


Atomic weight co -- 

Specific gravity o' q . 

lossTo^c 

BMlingpomt 232500 

‘In 1943 it had risen to practicaUy 1 to 1. 
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Coefficient of expansion (linear) 
Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 


16.42 X 10-« per °C 
1.683 microhms * 

0.923 cal/sq cm/cm/sec/°C 
3.0 

50.6 cal/gram 
0.0918 cal/gram/°C 


♦ For commercial copper the resistance is about 1.724, silver 1.62, and gold 2.25. 
178 Effect of Impurities. The conductivity, tensile strength, and 
other'properties of copper are greatly affected by the presence of 
sinall amounts of impurities tvliich may (1) be dissolved cop- 

per in solid solution or (2) be insoluble in solid copper. The most 
important of those in the first class are nickel, iron, arsenic, an i- 
raony, and phosphorus. Those in the second class are bismuth, lead 
selenium, tellurium, sulfur, oxygen, and oxides. The effects o 

more common of these impurities is given be ow. deoxi- 

Oxygen is present in all commercial copper except m the deoxi 
dized grades. In castings it exists as a Cu-CujO eutectic and m 

mccimnically worked copper in the form ^'“„teasing 

Ifi cITcct on the mechanical properties is not great slowly 6 

rtc‘n le strength and reducing the ductility as the amount of oxy- 
' „ tieases. In small amounts oxygen -tually increases e c- 
tical conductivity of commercial copper, 

other impurities and removing these fiiim solid . . ^ 

amounts of oxygen, however, slowly reduce 

during undue amounts of Cu,0, winch reduce the effective 

‘tuifut'seCum, and tellurium may be considered toSctl« ^ 
used for increasing the machinability. > 

somrihS:! 7re“ 

rurlliermore, the presence n antimony n 0.0 

.r:rh;” rrar;r sUhenin^ 
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especially in the cold worked condition. It raises the recrystalliza¬ 
tion temperature but has little effect on the ductility and malleabil¬ 
ity. It decreases the electrical conductivity considerably. 

Next to oxygen, silver is the most common element occurring in 
commercial copper. ^ It has a negligible effect on the mechanical 
properties and electrical conductivity but has a great effect on the 
recrystallization temperature. 

The small amount of iron normally present in commercial copper 
has very little effect on the mechanical properties. In larger amounts 
up to 2 per cent it hardens and strengthens copper slightly vdthout 
destroying the ductility but reduces rapidly the electrical conduc- 
tivity, especially in the absence of oxygen. 

Lead is sometimes added to copper to increase its machinability 
but should not exceed 0.005 per cent if the copper is to be hot-rolled.’ 
If operations are conducted at room temperature, still larger amounts 
ave little effect on the ductility of copper. It can be rendered some¬ 
what less harmful by the introduction of oxygen. 

Gases haye a great effect on the physical properties of copper 
especia ly on castings. Hydrogen is very soluble in liquid copper 
but will not cause unsoundness in copper castings in the absence of 
oxygen udess the solubility in the solid state, which is high is ex¬ 
ceeded. Carbon monoxide is probably soluble in solid and’ liquid 

Sul BoTh ‘ho “boence of oxygen is not 

iuTT Ki' “‘"S® behave as if they were 

soluble in copper. The influence of gases in copper is a complex 

the wTl *0 *bo producers of copper castings On 

iSlo the ‘rom the 

of fmmf ® “"rketed in a number 

of forms, depending upon the use to which it is to be nut A 

about 4 inches square and 3 to 7 feet in length, with tapered 
^ In recent years the distribution has been: 


Wire bars 
Cakes 

Ingots and ingot bars 
Cathodes 

Billets and other forms 


Percentage of 
Total Output 

59 

14 

11 

11 

5 
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ends to facilitate their entry into the rolls, rolling being the initial 
step in the wire drawing process. Other common forms are the slotted 
ingot bar (for ease in handling when the metal is to be used for 
alloying purposes) and slabs and billets when plates, sheets, or pipe 

are to be manufactured. , . t i 

There are four grades of domestic copper; electrolytic. Lake, arsen- 

ical. and casting or blister. Lake copper (that produced from the 
ores of the Lake Superior copper district m Michigan), because of its 
slightly higher electrical conductivity, ordinarily enjoys a small 
market premium (0.25 cent per pound) over the electrolytic grade. 

The domestic copper industry is highly competitive, particular y 
in recent years, when supply has often exceeded demand Production 
and sale of more than 90 per cent of the domestic metal is lodged in 
about fourteen strong companies. The price range over a period o 
yeajs is given in Table 29, although this by no means tells the sa 


table 29 
Prices of Copper 


1910 

1918 

1921 

1929 


Ceriis per 
Pound, 
New York 

12.738 

24.738 
12.502 
18.107 


1932 

1939 

1944 


Cenie per 
Pound, 
New York 
5.555 
10.965 
11.87 * 


Highest— 31.89 cents, December, 1916. 

;r Go™—corwn high-cost p—rs ..r. p«id 
premiums up to 6 cents per pound. 

«tnrv of copper prices. (Note price extremes in this table.) A very 

important influence on world price has been have 

nlv of secondary copper. Japan, Germany, and Great Britain h 

f„ peacetime been large purehaeera of 

Iverted into »ire bar.' The postwar penod 

competition among iron, copper, aluminum and magnesium 

of metals,” . 
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180. Uses. To the following properties can be attributed the im¬ 
portance of copper in our industry; 

1. Has a high electrical conductivity, second only to that of silver. 

2 . Has excellent resistance to corrosion. 

3. Has good thermal conductivity. 

4. Forms with zinc an easily worked, corrosion-resisting, fairly 
strong and elastic alloy called brass. 

5. Forms with tin an equally useful alloy called bronze. 

6 . High scrap value. 

Because of this unusually favorable combination of properties, it 
has become the most important of the non-ferrous metals, and'as 
shown m Table 30 enters into a large number of industries. 


TABLE 30 

Uses of Copper in the United States * 


Short Tons 


1933 

Ammunition 10 500 

Automobiles 49 qoo 

Buildings 36 [000 

Castings 36,000 

Electrical manufactures 90,000 

Light and power lines 33,000 

Manufactures for export 15,600 

Radio receiving sets 11,500 

Railway equipment 800 

Refrigerators (automatic) 11,400 

Shipbuilding 1 ^ gQQ 

Telephone and telegraph 18,000 

Other uses 101 ,’400 


1940 

26,000 

103,000 

102,000 

35,000 

247,000 

74,000 

148,400 

32,000 

5.700 
10,500 

8.700 
49,000 

229,100 


Total 


415,000 1,070,400 


* Metal Statistics, American Metal Market, New York, 


Per Cent of Total 


1933 

1940 

2.5 

2.6 

11.9 

9.6 

8.7 

9.6 

8.7 

3.3 

21.8 

23.0 

8.0 

6.9 

3.8 

13.8 

2.8 

3.0 

0.1 

0.5 

2.7 

1.0 

0.4 

0.8 

4.4 

4.6 

24.3 

21.3 


1946. 


181, Copr Alloys. All these alloys contain over 99 ner cpnt 

kiTifinVirsultlwf^^^^^ elements make each 

of their resistance to corrosion their bnt jaluabJe because 

and cold-working ^ 

tivity, and their ahilitv tj j thermal conduc- 

them ability to be welded, soldered, and polished. The 
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coppers possess high capacities for cold work; reductions as high as 
90 per cent may be effected without intermediate annealing 

182. Brasses. On the basis of overall or final cost, the alloys 
shown in Table 31 offer a combination of unusual properties for t e 

TABLE 31 

Compositions and Uses of Copper Alloys 


Per Cent of Alloying Element 


AUoy 


Copper 

Electrolytic 

Arsenical 

Phosphorized 

Silver-b_earing 

Brass 

Red 

Cartridge 
Yellow 
Muntz 
Leaded Brass 
Leaded 
Free-cutting 
Architectural 
Tin Brass 
Admiralty 
Naval 
Manganese 
Nickel Silver 
18 per cent 
15 per cent 
5 per cent 
Bronze 

Herculoy A 
Herculoy B 
Aluminum 
Cupro-nickel 
Phosphor 


Cu 


Zn 


Pb 


99.9-1-1 ~ 
99.45 
99.9 
99.9 


Ni 


Uses 


Sn others 


85.0 

70.0 

65.0 

60.0 

67.0 

62.0 

56.0 

71.0 

60.0 

59.0 

64 

65 
62 

96.5 

97.8 

91 

70 

95 


15.0 

30.0 

35.0 

40.0 

32.3 

35.0 

4i.5 

28.0 

39,0 

39.0 

18 

20 

33 


0.8 

3.6 

2.5 


1.25 


As-0.45 
Ag 7-30 oz 


30 


1 . 0 . 

0.75. 

0.75 


0.5 

0.2 


5.0 


Si-3 

Si-2 

Al-9 


P-0.05 


Elec, tubes, structural 
Tubes, plates, welding 
Tubes, welding 
Commjitators, radiators 

Tubes, jewelry, radiators 
Ammunition 

Drawing, stamping, spinmng 
Maritime, architectural 

i 

Machining — 

Machining . 

Structural - 

Condenser tubes 
Tubes, heat, forgings 
1 Paper, mining, valves 

Drawing, springs 

Architectural 

Jewelry 

Tanks, vats, baskets 
Hardware, machine parts 
Acid-resisting 
I Condensers, tanks, vats 
Diaphragms, machine parts 


production of a wide 

Although the initial per pound cost may seem 

other materials, the finis , ,i„riieabilify, low annealinf 

- S-^^d^^^on-fouil. of dies, higl 

scrap value, good piaffing base, and to a zinc 

Brasses are essentially al oys o P ^ ^ unusuallj 

content of 36 per cent are known as alpha^iass ana 
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1 ) 

good cold-working properties. Those between 36_iinii 45 per cent of 
zinc are known as “alpha-^^a” and those richer than 45 per cent 
as “beta” brasses. Alpha-beta and^beta are particularly well suited 
for hot working, a property which increases with the zinc content, 
being a maximum at about 40 per cent. Temper can be produced 
only by cold wooing, and the degi^e is indicated by a prefix, such 
as hard (10.9 per cent reduction in area) or extra spring (68.7 
per cent). 

183. Bronzes. These are strictly alloys of copper and tin, but 
the term is commonly applied to other alloys with some qualifying 
term, such as “tin-brass.” Commercial bronze, again, is not a bronze 
but a copper-zinc alloy, the name being derived from its similarity 
in color to a copper-tin alloy of approximately equal copper content.- 
By reason of these inconsistencies in industry, whenever possible, 
complete alloy specifications should be given. In general, the bronzes 
are engineering alloys and are characterized by higher mechanical 
properties than copper-zinc and copp er-zihc-le ad alloys."* Because 
of these properties, and in particular their superior fati gue-resi sting 
properties, they are used in operations requiring resistance to alter¬ 
nating or cyclic stresses, o'r where corrosion resistance is required. 

184. Copp£r-:^ckel Alloys. The alloys containing 20 to 30 per 
cent nickel may be dr^m, starched, cold- or hot-worked, welded, 
brazed, and soldered. They are strong enough to compete with some 
ferrous alloys in mechanical properties and are, therefore, frequently 
used vhere a failure might involve considerable danger or expense. 
Their ductility gives them excellent working properties. Their re¬ 
sistance to corrosive and errosive agents, and their white color make 
thern attractive. Most prominent uses are in power plant and 
marine condensers and in small arms ammunition* 

The alloys containing smaller amounts of nickel (4.5 to 20.5 per 
cent) are known as the nickel silvers. They differ greatly in composi¬ 
tion. For example, one 10 per cent nickel alloy contains 67 per cent 
copper as against only 46 per cent copper for another alloy also con¬ 
taining 10 per cent nickel. They are most generally used for table- 
ware because they are durable, easily worked, and have a natural 
color closely approximating the color of silver. In general, this color 
vanes with the nickel content-silver white in the higher brackets, 
slightly tinged with yellow in the low. 

During World War II considerable nickel was released by substi¬ 
tuting an alloy containing 56 per cent copper, 35 silver, and 9 manga¬ 
nese for the conventional five-cent coin. 
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185. Ores of Copper. The ores of copper fall naturally into three 
classes: (1) native ores; (2) oxide ores; (3) sulfide ores. 

186. Native Copper Ores. The largest deposit of native copper 
ore—as a matter of fact, the only important one of its kind in the 
world—is found in the upper peninsula of Michigan. The ore aver¬ 
ages about 1 per cent of copper, although individual masses of pure 
metal have been found weighing over 100 tons.^ The ores are con¬ 
centrated by water-gravity methods to a product containing 40 to 70 
per cent of copper, smelted in reverberatory furnaces, and refined in 
the conventional manner. The copper thus produced is very pure 
(contains 0.7 ounce of silver per ton) - and, because of its higher 
electrical conductivity, usually commands a slight premium over the 
ordinary electrolytic grade. In 1944 only 42,334 tons out of a total 
domestic production of 1,003,379 tons came from these native copper 


ores. 

187 Oxide Ores. The oxide ores, next in order of importance, are 
characteristic of deposits occurring near the surface. They are the 
result of the alteration and decomposition of primary sulfide mmera s 
by percolating ground waters. These waters, charged with carbon di¬ 
oxide, oxygen, and sulfuric acid, act upon the sulfides ^ 
bonates, oxides, sulfates, silicates, and various basic salts. Although 
oxide ores are attractive from a metallurgical standpoint, since they 
can be reduced readily by carbon and carbon monoxide, they are no 
longer of much importance becaus^our forefathers long agp_„ is- 

covered and depleted these deposits. _ 

188 SulSde Ores. These are, by far, the world over, the most im¬ 
portant ores of copper. They are usually complex mixtures of copper 
and iron sulfides associated with compounds of iron, sine, arsenic, 
antimony, bismuth, selenium, tellurium, silver, gold, 

The important minerals of copper, about in order o P 

tance, are given in the following table: 

Formula Copper 


Name 


Chalcopyrite 

Chalcocito 

Bornite 

Totrahedrite 


CuFeS2 




34.6 
79.8 

55.6 
32 to 46 


CujS 
Cu6FeS4 

CusSbSs + a:(Fo, Zn) 086289 

.M the 

r»‘°Tod.y sTt -rss. of the ore being treated in the Michigan district 

would be 22 pounds of copper per ton of ore. 

2 1 ounce per ton O 0.00343 per cent. 
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Per Cent 

Name 

Formula 

Copper 

Malachite 

CuC03-Cu(0H)2 

57.3 

Azurite 

2CuC03Cu(0H)2 

55.1 

Cuprite 

CU 2 O 

88.8 

Chrysocolla 

CuSi03-2H20 

37.9 

189. Dor^stic Ores. 

Although producers 

in South America, 


Africa, China, and Alaska still mine and ship to the smelters in the 
United States and Europe ores containing 20, 30, and even 50 per cent 
of copper, such high-grade ores are very nearly exhausted in this 
country.! As a matter of fact, in the United States, as of January, 
1947, any ore containing more than 6 per cent of copper is termed a 
"high-grade” ore and is usually smelted directly in the blast or re¬ 
verberatory furnace. The mineralized areas of the United States 
have been quite thoroughly explored. Most of our high-grade de¬ 
posits have been located, and, thanks to our excellent transportation 
system, the ores mined and smelted, so that by January, 1947, little 
direct smelting ore was being produced in this country. Most of 
them must first be treated by some concentration process to produce 
a purer and more valuable product which will warrant transporta¬ 
tion and smelting. For example, the Utah Copper Company is min¬ 
ing a copper ore containing about 0.9 per cent of copper.^ With 
nominal smelting recoveries and prices, the copper, gold, and silver 
in this ore are worth only a little over $2. Smelting costs are seldom 
less than $5 per ton, so that the smelting of this ore directly would 
result in considerable loss. In concentration (a relatively inexpensive 
step) the ore is crushed to free the fine particles of copper mineral, 
which by a combination of gravity concentration and froth flotation 


are separated from the worthless gangue. Approximately 90 per cent 
of the copper is thus saved in the form of a concentrate containing 
about 32 per cent of copper, which can then be smelted, at a profit,^' 
in a reverberatory furnace. This company, during World War II 

!Aa late as 1918, the United Verde Extension Company in Arizona shipped 

large quantities of ore containing more than 20 per cent of copper. In 1943 direct 

W the United States amounted to 2,151,187 tons with a copper con¬ 

tent of 3.64 per cent. 

tai"nW^^^ 7 ^"* reserves of this mine were estimated at 640,000,000 tons of ore con- 
tainmg 1.07 per cent of copper. 

*• ^ paid amounted to $228,472,943 but since that 

“•' Kenniott CoZ ^ 
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reached a peak of 105,000 (a daily aA'erage for 1943 of 97,187 tons 
per day) tons of this low-grade ore each day—certainly a notable 
metallurgical achievement. 

Few metallurgists not intimately connected with the copper indus¬ 
try realize the full significance of the concentration process until they 
come to consider the effect it has had on the blast furnace. Until 
about 1915 most of our copper was so reduced, but development in 
concentration in general and differential flotation in particular, yield¬ 
ing still richer, even though more finely divided, concentrates, has 
permitted the reverberatory furnace to supersede the blast furnace 
in the United States.^ 


EXTRACTION OF COPPER FROM ITS ORES 
190, Dry or Pyrometallurgical Methods. Oxidized ores such as 
malachite, azurite, cuprite, or native copper may be reduced with 
comparative ease in a blast or reverberatory furnace, with the addi¬ 
tion of suitable amounts of coke and flux, directly to black or impure 
copper. The coke not only supplies the heat necessary to raise the 
temperature of the mass to a point at which the chemical reactions of 
reduction may go on and the different components tose but also fur¬ 
nishes carbon and carbon monoxide for the reduction of the oxides 
to the metal. The black copper and slag readily separate because o 
their relative insolubility and specific gravity and may be recovered 


for further treatment. 

The smelting process with sulfide ores is also earned out in ^ 
or reverberatory furnace, but the principles involved are quite differ¬ 
ent In blast furnace treatment the charge again is made up of raw 
or roasted ore, concentrates, coke, and flux. As before, the coke sup¬ 
plies the heat; the flux unites with the gangue oi the ore to form a 
fusible slag. Sulfur not only acts as a fuel and in burning to sulfu 
dioxide furnishes heat for the other reactions but also serves as a 
“collector” for cop))er by forming a double sulfide with iron and cop¬ 
per which mixture is called'a “matte.” This matte is insoluble in 
the’slag and also has a much higlier specific gravity so that separa¬ 
tion of the two is easily effected. The matte haa the furt er 
of dissolving any precious metals occurring m the ore. in tii 
irlnoppcr-m an ore containing 6 per cent of « 
be concentrated into a matte containing 40 per cent with a icaso 
Xhigh recovery. Thia matte can then be reduced to metallic 

1 On the other hand, .n elect,ic M..t tnrnaco ha. been developed in Finland 
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copper in a converter and refined by fire or electrolysis. Figure 13 
shows graphically this process of concentration and smelting from 
run-of-mine ore to copper anodes. 


Concentration 
2000 lb ore 
5% 




Sbncentrate 

--SBibrCH 


Gas 62 lb 
1 lb Cu 

\ Roasting 


.-^Calcine' 

?-303Elb>:: 

^43b:Cir- 


Reverberatory 

Smelting 

E l 

i 

--^Matter 
::^202Elb“- 
-'SSSb-Gu 
i:4e?Eeu' 


Converting 



Casting 


93 lb Cu 


Pyr. 19 n X 98.9% Cu 99.4* Cu 

n». 13 . C„oce„tat.ona.d Smelting of a Copper Ore. ^CourU^ of Amconia 
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fled, and the copper recovered by chemical or electrical precipita¬ 
tion. This method has the obvious advantage that only a small part 
of the ore enters into the chemical reactions. Most of the operations 
are carried on at a relatively low temperature as contrasted to the 
pyrometallurgical methods and with pumps, tanks, and bucket ele¬ 
vators instead of blast furnaces, ladles, and converters. 


ROASTING 

192. Gen_eral. Roasting may be defined as heating to an elevated 
temperatur”without fusion, or at most incipient fusion, a metal or 
metallic compound in contact with oxygen, water vapor, carbon, sul¬ 
fur or chlorine, in order to effect a chemical change and thereby 
eliminate some component by volatilization. Its ultimate objective 
is to regulate or control the amount of sulfur in the ore so that the 
charge, when smelted, will yield a matte which can be treated effi¬ 
ciently and economically in a converter.' In most plants the charge 
is bedded, i.e, a large pile of material is built up containing layers 
of the different constituents in their proper proportions; this mate¬ 
rial is then excavated in such a way as to preserve these Vmovi^ons 
for roasting and smelting. For the purposes of this book, we shall 
distinguish the following: drying, calcining, sulfatizmg roast, ox - 
dizing roast, chloridizing roast, flash roasting, and noduhzing. 

193 Drying Drying is not ordinarily carried out as a separa 
operaiion in the smelting of ores or concentrates, altogh it may 
be necessary when excessive moisture might interfeie or «r 

ously retard any subsequent treatment. Frequently, as m ^edg 
roaster or in the blast furnace, drying can be earned out m 
cheaply and easily as a part of roasting or reduction. Ores or con¬ 
centrates with less than 5 per cent of moisture can usually be treate 
rectly in the furnaces. The simplest method ^or the removal o 
water from orca or concentrates is air drying, 

is spread out over a floor of brick or sheet metal, heated W ® 
hot air, and stirred from time to time, cither by lan 

TZtnliZ to^hfcirSgiven a 

/ A +• irv 9*^1 In cencral the driers, whereas they can 
:^rce‘r.irto iel-than ? per eint, 
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in their passage along the hearth or kiln. However, this can be taken 
care of by adequate dust recovery methods. If the drying operation 
is to be efficient (rapid heat transfer) and cheap, it must be carried 
out at as high a temperature as possible without fusing or sintering 
the material under treatment. Furthermore, intimate contact be¬ 
tween the ore and air is necessary, a condition favored by small ore 
particles and frequent stirring. 

194. Calcination. Calcination is confined mainly to driving off 
the chemically combined water from oxide and carbonate ores as well 
as clays, and to burning limestone, dolomite, and magnesite, as indi¬ 
cated in the following reactions: 


FeCOs —^ FeO -j- CO 2 ( 1 ) 

CaC 03 —> CaO -|- CO 2 (2) 

2 A 1 ( 0 H )3 —* AI 2 O 3 -j- 3 H 2 O ( 3 ) 


The above reactions are endothermic, requiring 19,790, 42,400, and 
56,400 calories, respectively. Calcination differs from drying only in 
the higher temperature used. The carbonates must be heated above 
a certain temperature before the calcination begins. With one ex¬ 
ception, that is the use of shaft furnaces in calcining carbonates, 
the apparatus and mode of treatment are much the same as those 
employed in drying. Most of the hydrated substances encountered 
m metallurgy give up their water below 300°C. Carbonates require 
600° to 800°C, and sulfates and clay substances, 600° to 1000°C. 
For carbonates provision must also be made to remove the carbon 
dioxide to prevent a reversal of the reaction. 


195. Calcination Rates. Limestone is not effective as a flux 
until it has been calcined to the oxide; consequently, the rate of 
calcination is very important in furnace operation. Although con¬ 
siderable work has been done in investigating the properties of 
limestones, much remains to do because the variable of calcination 
has not been correlated with composition, size, and porosity to ex¬ 
plain the behavior of different limestones in the furnace. Further¬ 
more, the physical properties, size, and rate of calcination will affect 
the permeability of the charge, the rate of heat transfer, segrega¬ 
tion, and indirectly the capacity of the furnace as well as the prog¬ 
ress of the reaction. Experiments ^ have shown that different types 

0 /Blij "Calcination Rates and Sizing 

““ >«*Wlu,gical 
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of limestone show differences of 300 per cent in rates of calcina¬ 
tion. The more porous stones are in general higher in magnesia 
and calcine more rapidly. High calcium stones calcine at the slowest 
rate, dolomitic at intermediate rates, and dolomites at the most 
rapid. Up to about 50 per cent calcination, the rate of evolution of 
carbon dioxide is closely related to the amount of magnesia in dolo¬ 
mitic limestones and dolomites. The size to which a stone is crushed 
will also be a function of composition and porosity. High calcium 
stones should be crushed finer than dolomitic limestones, and dolo¬ 
mitic limestones finer than dolomites. In general, the range for non- 

ferrous smelting is 2 to 6 inches in diameter. 

196. Oxidizing Roast. An oxidizing roast is usually carried out 
for the purpose of eliminating sulfur and oxidizing the iron although 
the removal of arsenic, antimony, or tellurium is often involved be¬ 
cause practically all the sulfide ore minerals contain compounds of 
these elements as impurities. Some rich ores and concentrates may 
often be roasted “autogenously”—using only the heat of oxidation 
of the constituents of the ore—but usually extraneous heat m the 
form of fuel is required. Depending upon whether the formation of 
oxides or sulfates are desired, the operation is termed oxidizing or 
“sulfatizing” roasting. The principal reactions involved are given 

below: 

2CU2S 4- 3O2 —» 2CU2O 4 - 2SO2 
2CuO 4 - SO2 CU2O 4 - SO3 
CuO 4 - SO3 -» CUSO4 
CU2S 4 - 3SO3 *-♦ CU2O 4 - 4SO2 
2AS2S3 4 - fiOa -> 2AS2O3 4 - 6SO2 
2Sb2S3 4 - 9O2 —> 2Sb203 4 - 6SO2 
2FeS2 —» 2FeS 4 " S2 
S2 4 - 2O2 2SO2 

2 FeS 4 - 3O2 —► 2 FeO 4 - 2SO2 
2SO3 4- O2 2S08 

FeO 4 - SOa -+ FeS04 
Reactions 4 , 11 , and 12 are strongly exothermic, yielding 188 , 900 ; 

70 , 920 ; and 224,200 calories, aespectively. 


( 4 ) 

( 5 ) 

( 6 ) 

( 7 ) 

( 8 ) 
( 9 ) 

( 10 ) 

( 11 ) 

( 12 ) 

( 13 ) 

( 14 ) 



SULFATIZING ROAST 

197. Sulfatizing Roast. In the past, in explaining sulfatizing 
roasting, rather ill-defined limits of temperature and admission of 
air were given. Now it seems that the difficulty of producing sul¬ 
fate may be explained in an entirely different manner, and this new 
mechanism ^ interposes some very serious practical difficulties in 


roasting. The fundamental reactions involved are: 

CuS + 2 O 2 CUSO 4 (15) 

CUSO 4 + CuS + 02 -^ 2CuO + 2 SO 2 (16) 

CUSO 4 + CO CuO + SO 2 + CO 2 (17) 

4CuFeS2 + 4CuO + 17 O 2 8 CUSO 4 + 2 Fe 203 (18) 

4FeS + 4CuO + 9 O 2 4 CuS 04 + 2 Fe 203 (19) 

CUSO 4 + 2C ^ Cu + SO 2 + 2C0 ( 20 ) 


With these reactions as a basis, we can explain more nearly ade¬ 
quately the roasting process by the following generalizations: 

1. Reactions in roasting proceed primarily and definitely to the 
formation of sulfates and not oxides; both oxides and sulfur 
dioxide are secondary products. Iron oxide probably acts as 
a catalyzer. ■ 

2. Iron is probably the only constituent of common base metal 
ores which by reason of its great heat of formation of the higher 
oxide (FeaOg) will readily yield up its acid radical to near-by 
basic materials and itself pass wholly to the oxide form in a 
sufficiently oxidizing atmosphere. 

3. Iron sulfate is not decomposed normally at a temperature so 
far below the decomposition temperature of copper sulfate that 
a mere carefully controlled roasting will produce copper sulfate 
and iron oxide. ^As'a matter of fact, none of these sulfates 
alone is decomposed at 700° to 800°C'or even higher. 

4. At 550°C, and above, the formation of cupric ferrite (CuO- 

Fe 203 ) begins, and such ferrites are insoluble in conventional 
acid leaching solutions. 

5. The reaction 16 begins at 400°C to prevent the formation of 

all water-soluble” copper and the furnace gases furnish carbon 
monoxide and carbon for reactions 17 and 20. One cannot 
prevent this in an ordinary rabbled furnace. 

^E. A. Ashcroft, Transactions of the Electrochemical Society. 1933. 
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6 . It follows then that sulfatizing will be difficult or impossible 
under present furnace conditions. One must (a) properly pro¬ 
portion the charge so that neither too much nor too little sul¬ 
fur will be present; (6) have no movement of the charge so 
long as any unoxidized sulfide is present; (c) not allow the 
products of combustion to mix with the ore; and (d) main¬ 
tain relatively low temperatures in the furnace. 


In oxidizing roasting these factors are less important because the 
ultimate aim is to eliminate sulfur and convert the copper to an 
oxide, but in the leaching of ores it is desirable to produce a large 
proportion of “water-soluble” (sulfate) copper. 

' 198. Mechanism of Roasting. Referring to Figure 14, let us con¬ 
sider, in the light of this discussion, the progress of roasting m a 

particle of chalcopyrite (CuFeS 2 ). 
At the surface the cuprous and fer¬ 
rous sulfides are at once oxidized 
to the sulfates. As the charge is 
rabbled, this film of cuprous sulfate 
comes into contact with more cu-, 
prous sulfide or carbon monoxide 
and at once forms cupric oxide,'" 
sulfur dioxide, and'carbon dioxide, 
which joins the gases of the fur- 



so. 


Fig. 14. Oxidizing Roasting. 


nacc. In the furnace gasee small amounts of sulfur dioxide may be 
oxidised to the trioxide. The elimination of the sdfur changes the 
density and the porosity of the surface film, and these factors w 
now cLtrol the rate at which the reacting substances enter and leave 

^^Rrction^ in this solid phase will take place by the migration of 
atoms through the solid, that is, by diffusion.-" The rate of migratm 
or diffusion is expressed in terms of the diffusion 
is defined in the following way. Let us consider the diffusion o 
substance or 0^) in a substance A(CuS or 

the amount of B per unit volume at any point of the solid by 0. 
which we shall call the concentration. Since the concentration w 
vary from point to point (in this case as oxygen, nitrogen, carbon 
monoxide and carbon dioxide enter from the atmosphere an su 
To d the piece), the e«eot of diffueion is ^ smoo h 

t distribution and make it uniform throughout the soM. When 
it U uniform, there is no driving force, and diffusion atop . 
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hfld a bar (the rnathematical treatment of a sphere would be very 
complicated) of chalcopyrite in which the concentration varied along 
the axis, we might state that ' 


dm 


AD — dt 

dx 


Here dc is the difference in coneptration at two points separated 
by the distance dx along the axis, D the diffusion constant, dm the 
amount of substance ^(SOa or O 2 , for example) that diffuses in 
time di across a surface of area A that lies between the two points 
and is normal to the axis of the bar. Although D is often called the 
diffusion coefficient, it actually depends upon both the concentration 
and the temperature. 

If we assume at any given point in the furnace that the tempera¬ 
ture remains constant, then the driving force will be the concen¬ 
tration gradient dc/dx. If momentarily one of the gaseous products 
builds up within the sulfide particle, roasting will be slowed up may 
even stop, and obviously such changes may occur many times in 
the course of its travel through the furnace. 

We now see how essential it is in roasting to avoid too high a 
temperature which might cause fusion or sintering. The particle 
would then coalesce, the porosity would be reduced, and if there is 
no opportunity tor.the gaseous products to escape, or enter, roasting 
would stop entirely. This frequently happens when the ore con¬ 
tains. constituents with relatively low melting points. 

189. Autogenous Roasting. In all roasting processes the tem- 
perature must be maintained at a high enough level to ignite the 
sulfides or other oxidisable constituents, and to keep them ab^ve the 
Ignition point. Some massive sulfide ores and concentrates liber- 

tt!,!"™? this condition without 

the use of extraneous heat, a process known as aut ogenous roasting 

per cerLIf / '"‘th 

P r cent sulfur. In most cases, however, this heat is not sufficient 

r^uiX T r'’ furnace to mailT the 

m eonneetion with the leaching of eopper-silver"res' It stdlTas 
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possibilities, but on the whole it has not been of much importance 
since 1915. 

201. Nodulizing. This process is carried on in a rotary kiln in 
which finely divided particles are heated to incipient fusion and, as 
they pass down through the kiln, agglomerate into nodules of a larger 
size. Tt has to do with physical rather than chemical changes in the 
ores and is of particular value in processing concentrates which 
might otherwise give rise to an undue loss of flue dust. The nodu- 
lized material can then be reduced in a blast furnace-without such a 


high loss. ' , .T j. 

202. Roasting Apparatus in General. The nature of the ore to 

be treated, the kind of roast required, the tonnage of ore to be 
handled, and the cost of installation and operation have resulted 
in a great diversity of form in the apparatus for roasting ores and 
metallurgical products. For our purposes this apparatus can be 
divided into five classes, n'amely: (1) heaps; (2) reverberatory fur¬ 
naces; (3) mechanically raked furnaces; (4) kilns; (5) blast roast- 

^"^Heap roasting is carried on by piling up the ore in the form of 
a truncated pyramid upon a foundation of /^n'tmg the 

ore by means of this wood. Once started (provided that the oie 
contains enough sulfur^, roasting will proceed without the app ica- 
tion of external heat. It is a simple process, but the increasing cost 
of labor, the necessity of investing large sums of money m ore and 
roasting yards, as well as the likelihood of damage to property and 
persons^by the fumes have caused this method to be generally aban- 

^°Simple hand-raked reverberatory furnaces have been largely dis¬ 
placed by mechanical ones, although we do find them from time 
to time in metallurgical plants, where treatment of 
ucts is carried on or where the process involved is of a very special 
nature' The furnace consists of a flat hearth heated by a r 
at on^'end The ore is charged at the flue end^and worked slo^y. 
down toward the fire bridge, where it is discharged through a drop 

^^KilnstonLt of revolving iron cylin^ders ^ 

axis and lined wholly or partly with refractory bricfc T y 

droppHig !t rthe bottom, as well as the loss of heat throu^ 
tiom^ TLy arc used chiefly in drying, nodulizing, or calcin g. 
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Since blast roasting apparatus is seldom used in the treatment of 
copper ores, a detailed description of this type of apparatus will be 
left to the chapter devoted to the metallurgy of lead. 

203. Multiple Hearth Roasters. Furnaces of this type are the 
most popular in use today in both chemical and metallurgical plants. 

o Furnace shell h Supply air duct m Gas outlet 

h Refractory lining i Discharge air duct n Arm holder 

c Rabble arm j Motor o Calcine discharge 

d Rabble blades k Bevel gears P Man-hole 
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the number of hearths employed; (4) the method of cooling the shaft 
and rabbles; (5) the method of attaching rakes to the rabble arms; 
(6) the methods for feeding and sealing the furnace. A sketch 
showing a modern seven-hearth AVedge furnace is shown in Figure 
15. The furnace consists of a vertical cylinder of boiler plate lined 
with refractory brick and divided into seven hearths of arched con¬ 
struction (Figure 16). AVhereas the early furnaces had only five 
hearths, the tendency today is toward eight, nine, or even more. 
The hearth floor, walls, and roof of the furnace are lined with brick 
to protect the metal parts as well as to conserve heat. There is a 



Fig. 16. Wedge Arch Construction. {Courtesy of Bethlehem Foundry Co.) 


central vertical shaft of boiler plate (about 4 feet in diameter) lined 
on the outside with brick, to which are attached the rabble arras, 
two for each hearth.^ This central shaft (see Figure 15) also con¬ 
tains the pipes which conduct cooling air or water to the arms. To 
each arm are fixed seven to nine rakes or rabbles (see Figures 15 
and 17). The rotation of this shaft, which is driven by a motor 
and train of gears beneath the furnace, is of the order of a revolu¬ 
tion in 0.5 to 2 minutes. One distinct advantage of this type of fur¬ 
nace is that the operators may work in the shaft to remove an 
repair the rabble arms, which, if the temperatures employed are 
high, tend to warp and corrode. The ore is fed upon the upper 
hearth, which, being warmed by the heat generated m the roasting 
operation, serves to dry the crude material. The ^ 

adjusted that the ore is gradually moved from the outer e g 
upper hearth toward the center and falls through ^ 
hearth 1 The rakes there move it across this hearth to a slot ne 
the periphery, through which it drops on to hearth 2, and thus m a 
zigzag fashiL the ore progresses through the furnace «nti finaUy 
^drops into a car or conveyor beneath the lowest hearth. All 
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furnaces have doors on each hearth for visual observation, repairs, 
and admission of air. For most rough roasting, once the ore is 
ignited, the reaction itself furnishes enough heat to make the process 
a continuous one. Many ores, however, are so difficult to roast or 
so low in sulfur that an external source of heat must be provided. 
A feeding device (Figures 18a and 18b) is provided on the drying 
hearth to seal the furnace by causing the ore to pass under a rotat¬ 
ing dam. 

There are numerous patented devices for attaching arms and rab¬ 
bles to facilitate their removal and replacement when they wear 



Fia. 17. Wedge Blades. {Courtesy of Bethlehem Foundry Co.) 


out or break, the most common and most rapidly adjusted beine 
shown in Figure 19. If an arm is broken or in need of repair, it 
can be loosened in the fixture by unscrewing the locking nut (/) 
thus dropping the locking dog (c). The arm can then be removed 
through one of the doors in the side of the shell and a new one 
inserted and fixed in place. Either water or air may be used to 
ool these rakes. Water is more effective, but small leaks cause 

conserves 

heat since the preheated air may be used for roasting 

somJrr of ores” has become 

mewhat of a misnomer. Previous concentration has so increased 

the copper content of the charge that the elimination of sulfur is less 
unportant than it used to be, with the result that suliuH^educed 

furnace b * a”"* treated in a standard Wedge 

qr^ife If rr *° '*'■ considerable 

weltfal fhaVlI this type of roasting because it is 

essential that the calcines be delivered to the reverberatory as hot 
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as possible. Most plants use furnaces with 6 to 8 hearths, 19 to 25 
feet in diameter, with larger drop hole areas to speed up sulfur 
elimination and reduce flue dust. Abrasive inserts in the rabbles 
have cut down wear, a more extended use of air as a cooling me¬ 
dium have also appeared, and many furnace shells have been insu¬ 
lated. All these improvements have brought about: (1) lower gas 


Plate to adjust 
eed opening 


Lute apron 



Feed opening 


jrection 

tptation 


Outside scraper 


Lute groove In hearth 


Fia. 18o. Luting and Feeding Device. (.Courtesy of Bethlehem Foundry Co.) 


velocities with lower dust loss; (2) lower fuel consumption’ (3) bet¬ 
ter sulfur elimination; (4) less corrosion of structure, (5) hott 

calcines; (6) better working conditions. _ 

204 Factors in Roasting. The roasting of every ore is a pro 
lem in itself, but in general the following factors influence the na¬ 
ture of the product: (1) the rate of agitation of the ore by h 
rakes' (2) the depth of the bed of ore; (3) the kind of feed, ( ) 
the niler of hearths; (6) the number and type of ^ 

(6) the final temperature attained; (7) the amount of air ad 

^°4nce roasting is a surface reaction, a deep bed of ore must be agi- 
taSd "ten than a thin bed if the roasting is to be either e^ 
Dlete or rapid. The depth of the ore on the hearth may range fro 














Fig. 186 . Luting and Feeding Device. {Courtesy of Bethlehem 
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Fig. 19. Arm Locking Device, (Courtesy of Bethlehem Foundry Co.) 


as little as 1 to as much as 5 inches. It is at once apparent that the 
size of the ore particles, as well as the percentage of sulfur, wi 

affect the roasting operation. . 

The size of the roaster feed is also an important factor in the 
control of smelting operations. The finer the charge, the more easily 
it can be roasted and the hotter the calcines will be for the same sul¬ 
fur elimination. Up to a certain point, the finer the charge to the 
reverberatory furnaces, the more easily it can be smelted, par y 
because of the intimate mixing of the component materials and 
partly because of the lower angle of repose in the furnace, which 
exposes a greater surface of charge to the 

charge is too fine, however, it slides too far into the furnace, fill g 
UP the bath and reducing the area available for combustion. Larg 
pLticlee will roast slowly and often 

rise to heavy flue dust losses or may roast so rapidly that m p 
fusion sometimes occurs. It is found that most of the roasting 
takes Place during the drop from hearth to hearth and. conse- 
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quently, a large number of hearths is desirable. This “flash” effect 
is increased through the design and arrangement of the drop holes. 
In an effort to conserve heat, flux is sometimes preheated by adding 
it to one of the lower hearths. Most plants have set a standard of 
through %-inch mesh screen for roaster reverberatory smelting. On 
the whole, with due regard to the structural stability of the furnace, 
it is desirable to have as large a drop hole area (30—50 scpiare feet 
per hearth in the standard furnace) as possible. In the roasting of 
copper ores the temperatures usually range from 200°C on tlie 
upper hearth to 800 or 850°C on the lower. Once the furnace i.s 
operating, the temperature and admission of air offer tlie readiest 
means of control of the operation. When extraneous heat is re¬ 


quired it is usually added on the lower hearth by means of oil 

burners, although coal may be burned in an outside firebox if neces¬ 
sary. 

205. Flash, Roasting. In the operation of the multiple hearth 
type of furnaces, it was long ago observed that most of the roasting 
takes place while the ore is dropping from hearth to hearth, meeting 
the upward rushing current of hot air. As the sulfide particles fall 
through this air, they expose their entire surface to the action of the 
oxygen and consequently oxidize much more rapidly. In recent 
years a process known as “flash” or “suspension” roasting has been 
developed, for which the roasting apparatus is designed so that alt 
the roasting is done while the particles are falling through the heated 
air. Flash roasting requires that the ore or concentrate be very 
finely divided; it bears about the same relation to hearth roasting 
as the burning of powdered coal does to the burning of lump coal on 
a grate. Although a flash roaster may have a much greater capac- 
1 y and perhaps conserve a greater proportion of the heat, the dust 
OSS is likely to be high. A very successful installation of this type 
developed at the smelter of the Consolidated Mining and Smelting 
ompany at Trail, British Columbia, is shown in Figure 20 
Concentrates are delivered to feed hoppers above the furnace 

rtight by a to the_ upper drying heirtli, wh?re it fs dried bv 
hoi gasra circulating between the combustion chamber and the two 

aWeTf thHur' is discharged through the 

side of the furnace, ground in a ball mill, and elevated to a honner 

nacTwith slci»t ab‘te“s“LlTf“‘°H*''' 
sufficient to maintain a temperature of 950«C in the'’comb“stion 
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chamber. About 60 per cent of particles settle out on the collecting 
hearths, the remainder in the cyclone dust collectors which treat 
the roaster gases before they pass to the acid plant. This particu¬ 
lar installation is now operating on a zinc sulfide ore, but the method 
should find still easier application to copper ores.^ 



_J 1 

V 

R 

7_ 

J- 


a Combustion chamber 
b Drying hearth 
c Collecting hearth 
d Air-cooled rotating shaft 
e Wet concentrate hopper 
& feeder 

/ Dried concentrate discharge 
g Ball mill 
h Combustion air fan 
i Burner 

j Calcine discharge 
k Gas outlet to acid plant 


Fig. 20. Flash Roaster. 

The success of autogenous roasting depends upon 
the type of sulfide presentr(2) the percentage of sulfide mineral in 
the material; (3) the size of the particles; and (4) the ° 'V 

ine apparatus used.' Incidentally the ignition temperature of m n 
erals varies between wide limits; the roas^ng of pynte is 'J 

Lsy whereas zinc blende is extremely difficult to roast. Table 32 
shows the effect of size on the temperature of ignition. 


TABLE 32 


Ignition Temperature versus Size 


Size of Particle, Millimeters 


Pyrite 
Pyrrhotifco 
Chalcocite 
Zinc blende 
Galena (in oxygen) 


1 

325 "C 

430 

430 

647 

564 


1 Another, somewhat different, apparatus 
cefwfully at a paper mill. (See H. Freeman, 
lute of Chemical Engineers, 1937.) 


1-2 Over 2 

405'’C 472°C 

525 590 

_ 679 

_ 810 

_ 847 

is burning pyrite concentrates suc- 
Transaclions of the American Instv- 
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Roasting is a slow operation and must be carried on at a low tem¬ 
perature, otherwise, sintering or fusion of the ore results, which will 
retard or entirely stop the operation. The mass must be stirred 
frequently^ in order to bring fresh surfaces of sulfide into contact 
with the air, and heated gradually until at the end of the operation 
a temperature is reached high enough to decompose any sulfates 
present. In connection with certain processes (notably in copper 
and nickel smelting) the ore may be given an incomplete roast pur¬ 
posely so that the sulfur remaining behind is in the form of both 
sulfide and sulfate. On the other hand, it may be given a “dead” 
or sweet” roast when all the sulfur or as much of it as is economi¬ 
cally possible is eliminated. 


206. Problem. A sulfide copper ore containing 6 per cent copper and 
d5 per_ cent sulfur is being roasted with 200 per cent excess air until all the 
sulfur IS removed. The copper is present as chalcopyrite and the remainder 
of the iron as pyrite. The gangue is considered as inert. The pyrite is oxi¬ 
dized to ferric oxide and sulfur dioxide, and the chalcopyrite to cupric oxide 
ferric oxide, and sulfur dioxide. 

Required for the 'problem are: 

1. The chemical equations involved. 

2 . me number of pounds of eaeh mineral and of gangue in 1 short ton of ore. 

d. The number of cubic feet of oxygen theoretically required. 

4. Ihe number of cubic feet of air actually supplied. 

5. The weight of ferric oxide and volume of sulfur dioxide produced in 

roastmg 1 short ton of ore. pmuucea m 


Solution: 

-1- IIO 2 2 Fe 203 + 8 SO 2 

4CuFeS2 -h I 3 O 2 4CuO -f 2 Fe 203 -f 8 SO 2 

^ 2 ) P^^^S 2 ^ 1 ^ _ wt. of chalcopyrite 

Cu 64 " 120 

Chalcopyrite = 345 pounds 
CuFeS 2 _ 184 345 

64 wt. of sulfur 

Sulfur in chalcopyrite = 120 pounds 
Sulfur in pyrite = 700 - 120 = 580 pounds 

_ 120 wt. of p 3 Tite 
S 2 64 58oi 

Wt. of pyrite = 1087 pounds 

Inert gangue - 2000 - (346 + 1087) = 568 pounds 
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(3) 4 FeS 2 require 11 moles O 2 

480 pounds (1 mole FeS 2 ) require (11) (359) = 3950 cubic feet O 2 
1087 pounds require X 3950 = 8950 cubic feet O 2 
4CuFeS2 require 13 moles O 2 

736 pounds (1 mole CuFeSo) require (13) (359) = 4670 cubic feet O 2 

345 pounds require ^ 4670 = 2190 cubic feet O 2 

Total O 2 required = 8950 + 2190 = 11,140 cubic feet _ 

= 53,200 cubic feet air theoretically required 

0.21 

53,200 X 3 = 159,600 cubic feet, using 200 per cent excess air 

4FeS2 _ 480 _ 1087 

2 Fe 203 ~ 320 wt. of Fe 203 

Wt. of Fe 203 from pyrite = 726 pounds 


4 CuFeS 2 _ 736 _ 345 

2 Fe 203 320 wt. of Fe 203 


Wt. of Fe 203 from chalcopyrite = 150 pounds 
Total Fe203 = 726 + 150 = 876 pounds 
480 pounds FeS 2 yields 8 X 359 = 2872 cubic feet SO 2 
1087 FeSj yields ^ X 2872 = 6500 cubic feet SO 2 
736 pounds CuFeS 2 yields 8 X 359 = 2875 cubic feet SO 2 
345 pounds CuFeS 2 yields 2875 = 1345 cubic feet SO 2 
Total SO 2 produced = 6500 + 1345 = 7850 cubic feet or if the 
ferric oxide is not required, SO 2 produced can be calculated directly 
= ^ X 359 = 7850 cubic feet 


SMELTING OP COPPER ORES 


207. Smelting of Oxide Copper Ores. These ores are readily 
reduced by carbon and carbon monoxide in a blast furnace to black 
copper,” containing 95 to 98 per cent of copper. The worthless 
gangue of the ore is fluxed to form a suitable slag which reinoves 
most of the other impurities, although the copper is highly contami¬ 
nated with sulfur, antimony, arsenic, iron, and precious metals an , 
consequently, cannot be used directly in industry. The principal 
reactions involved are indicated below: 


2CU3O -b C -» 4 Cu + COa 
CuaO -I- CO -» 2Cu + COa 
CuCOa -♦ CuO H- COa 
CuO "b CO *“+ Cu “H COa 


( 21 ) 

( 22 ) 

(23) 

(24) 
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Molten slag and copper are collected in the crucible of the furnace, 
the slag, because of its lower specific gravity, floating on top. The 
copper is removed intermittently, cast into ingots, and shipped to a 
refinery for further purification; the slag (usually containing more 
copper than in matte smelting) may be discarded or saved for re¬ 
treatment. In this country so little oxide copper ore of smelting 
grade is produced that this is mixed with roasted sulfide ore and 
smelted in the conventional manner to matte and slag. 

208. Smelting of Sulfide Copper Ores. From a metallurgical 
standpoint, a sulfide copper ore consists of copper and iron sulfides, 
certain metallic impurities, and gangue. The separation of the cop¬ 
per from the iron and the base metals of the gangue is based upon 
the following facts: 


1. Sulfur, because of the free energy relationships involved among 
sulfur, copper, and iron, combines preferentially with copper 
to form cuprous sulfide. 

2- Oxygen, for a similar reason, combines preferentially with iron 
to form ferrous oxide. 

3. Cuprous and ferrous sulfides dissolve in each other to form a fu¬ 
sible matte. 

4. This matte has a higher specific gravity than the slag and is 
insoluble in it. 

5. This matte further possesses the power of dissolving the precious 
metals contained in the ore as well as some of the impurities 
such as arsenic, antimony, or bismuth. 

6. Cuprous sulfide and oxide react with each other, when heated 
above 450 C, to form metallic copper and sulfur dioxide. This 
IS the basic reaction involved in the ‘‘converting’' of the matte 
into copper in a Bessemer converter. 


209. Copper Slags. Since 1886, when Akermen started the in- 
SrL h 'en operations, much 

hnt the study of relatively simple sys- 

terns but the slags are usually very complex ones. One of the 

£STe°inId “ “‘"“‘8“t comprehension of the matter has 
m tte inadequacy and inexactness of the very terms employed in 

Slav ^‘hly of an "acid” slag or a “basic” 

fro^ih h'aat furnace is quite 

. n Article 35 is given the conventional, but 
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inadequate, classification on the basis of the oxygen ratio—inade¬ 
quate, because slags can no longer be regarded as a single definite 
chemical compound but rather as a mixture of compounds of widely 
different acidity. Thus in the majority of slags, and perhaps in all 
those of a medium range of acidity, there are bisilicates and smgulo- 
silicates. One may go so far as to say that in such slags the alka¬ 
line earths, lime, and magnesia almost always exist as bisilicates, 
whereas the heavy metals, so far as can be made out, always exist 
as singulosilicatcs when they form silicates at all. Furthermore, the 
presence of aluminum in slags, by reason of its amphoteric propeity, 
has led to wide di.'-agreement as to its functions. The ferrous slag, 
on the other hand, scorns to be made up of simple and definite sili¬ 
cates. Research has indicated that all the bases except iron have 
to be fully satisfied with silica before any iron becomes scorified and 
enters the slag. 

To show how comiilicated a copper slag may be, one was taken 
from a large coiiper smelter of the following analysis. 



I\ r Ccnl 


Per CcTil 

Si()2 

Ed 

33.78 

Zn 

2.83 

31 .(>8 

Mn 

0.41 

A laO.*, 

4.07 

Cu 

0.40 

CiiO 

12.48 

S 

1.69 

MgO 

2.87 




It can be broke n down, on the basis of chemical calculations and 
inineralogical examination, into tlie following minerals. 



Per Cent 

Wolliisioiiitd (CiiO SiOz) 

25.86 

EnslaliUi (MkO-SiO^) 

7.17 

AiKlaliisile (Al20.TSi02) 

6.46 

Eayiilit.d (2Eo()-Si02) 

46.82 

Total silicaU’S 


Mauncl.ite 

8.26 

HulfiddH (iiidliKliiiK copper) 

6.29 


86.3 


t)0.86 


Criitnl (.olal 

On this busiH it might be asHumcl that the slag basis is a mixture of 
iron and (aileinm silicates in which the minor constituents aic dis¬ 
solved or suspetideel. * .• oo ak 

The general iirinciplcs of slagging, as stated m Article. , 

,,„w f.,r ... i., tl.cy .nu.1, have a low mcltinB pomt 

a low specifii gravity, a low viscosity, a low solubility for matte 
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metal, and must be cheap. As a rule the specific gravity will vary 
with the iron content from a low of 2.8 to as much as 3.8 with an 
average for American practice of 3.4. The slags are usually dis¬ 
charged from the furnace at 1100° to 1300°C and, when cold, have a 
black color and stony, or glassy, appearance. As a general rule, the 
more acid slags possess the greater viscosity but are less corrosive on 
acid furnace linings. As discharged from the furnace, these slags 
will contain 500 to 600 Btu per pound and will range in composition 
as indicated in Table 33 below. In general the copper content 


TABLE 33 

Analyses sf Cqpper Slags 


Blast furnace 
Blast furnace 
Reverberatory fur¬ 
nace 

Reverberatory fur¬ 
nace 


Per Cent 

Cu 

Si©2 

Fe© 

Ca© 

A1203 

Mg0 

S 

0.35 

0.24 

33.0 

37.7 

46.5 

42.9 

6.75 

7.4 

8.10 

7.2 

2.5 

0.45 (Mt. Lyell) 

1.7 (Granby) 

0.37 

36.6 

35.3 

2.0 

8.1 

— 

0.7 (Clarkdale) 

0.39 

40.3 

31.5 

8.7 

6.7 

— 

0.4 (Garfield) 


should never exceed 1 per cent; most slags fall within the 0,20 to 
^ 0 per cent bracket. If there is much oxidized copper in a charge 
the slag loss may frequently be lessened by adding 1 to 3 per cen 
of coal to the charge. The total copper loss will depend upon both 

it LIt nnl rT”* Kl ^'1“ J’requently 

he expense *f d“ ’“, 0 “*’* because 

the expense of doing so would not be compensated for by increased 
copper recovery. uicreasea 

^^0. Cepper Matte. Copper matte has long been regarded as a 

my ones stable at the high temperatures employed. In the course 
Iti'oHMsT'^ forT 

erti^Ted tot^ c of the magnetic prop- 

to the conclusion that a substantial amount of metalhc 
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iron was present. Microscopic examination did not confirm this 
but indicated rather that considerable magnetite and copper fernte 
were present. 

Recent investigations of a matte of the following composition 
seem to bear out the following generalizations regarding the com¬ 
position of this typical copper matte: 



Per Cent 

Cu 

23.27 

Fe 

41.83 

Zn 

2.62 

S 

25.46 

0 

4.86 

Si02 

• 0.68 

CaO 

0.51 


1 The only stable compound formed between cuprous sulfide and 
’ ferrous sulfide is (CuzSlaFeS (this is soluble in potassium 

cyanide). 

2. All copper mattes contain this compound. If the copper con¬ 
tent is below 62.7 per cent, the matte contains an excess of 
ferrous sulfide and ferrite or magnetite. Matte containing more 
than this critical amount of copper has an excess of cuprous 


sulfide. 1 • 1 . -i 

3. Cooling of matte, depending upon the rate at which it pro¬ 
ceeds, causes the precipitation of metallic copper and the forma¬ 
tion of higher sulfides, among which is CuFeSa. _ _ 

4 Mattes may contain up to 10 per cent of magnetite. It has 
not been proved whether this is dissolved or suspended, but 
the latter seems more logical in view of the fact that the aver¬ 
age matte is close to the specific gravity of magnetite (5.1) . 

.<) Many mattes also contain notable amounts of other metals. 
Zinc or nickel, when present in the charge, enters the matte 
as the sulfide, and lead sulfide is also frequently found. 

6. These mattes are excellent solvents for gold, silver, and metals 
of the platinum group. As a matter of fact, so nearly per ec 
is this action that the only precious metals to escape will be in 
the undecomposed ore which does not come in contact with the 
molten matte or in drops of matte which do not liquate out but 

remain suspended in the slag. j 

7 All other elemente are usually claesed ae impuntiee and, a • 
though the amounts may be email, they may »ve 
trouble in the lubiequent retolng prooeei The common one 
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referred to are arsenic, antimony, nickel, bismuth, selenium, 
and tellurium. 

211. Grade of Copper Matte. At first glance, it would seem de¬ 
sirable, since matte smelting is a process of concentration, to make 
matte as high a grade as possible. There are, however, five rea¬ 
sons why matte of the highest grade is not always desirable. 

1. The production of a high-grade matte in a furnace is always 
accompanied by a slag of unusually high copper content. This 
is due, in part, to the fact that some of the copper loss is in 
the form of tiny globules of matte, which have failed to settle 
in the furnace and remain suspended in the matte, and in part 
to the slight solubility of copper or its compounds in slag and 
the corresponding distribution ratio. Slagging out more of the 
iron will produce more slag; hence more copper will be lost not 
only because of the greater volume of slag but also because 
there is less time for liquation in the furnace. Furthermore, 
it will be necessary to roast the original ore to a lower sulfur 
content, and some of the copper may be oxidized. This copper 
oxide will combine with silica to form a silicate which will be 
absorbed by the slag. 

2. The high-grade matte will also necessitate a longer and more 
expensive roasting operation which will reduce the capacity of 
the roasting plant and produce more flue dust. 

3. The high-grade matte occupies less volume than the low-grade 
one and will not be so effective a collector of gold, silver, and 
Other precious metals. They are collected by the "matte rain” 
as It trickles down over particles of undecomposed charge and 
an insufficient amount might mean a loss of precious metals far 
exceeding the gain made through a higher grade matte. 

. It >5 found that a high-grade matte is more difficult to convert 
to blister copper. In this process most of the heat required to 
ep the contents of the converter molten is derived from the 
oxidation of ferrous sulfide and obviously a high-grade Ittt 
necessarily contains less ferrous sulfide. 

5. Finally, provision must be made to take care of the laree 
amount of hot gas evolved at the top of the furnace. ^ 

contn ro“„to“trp “ 

gives the most satisfactory results. W-gradri“h 20 “o 
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50 per cent copper exhibit a dull, bronze color, those with 50 to 60 
per cent a purplish, and those containing more than 70, and ap¬ 
proximating cuprous sulfide in composition, are almost white, hence 
the term ‘Svhite metal.” These high-grade mattes are also likely 
to contain stringers of metallic or “moss” copper. They w ill range 
in specific gravity from 4.8 to 5.6 as the copper content increases 
and will contain 350 to 400 Btu per pound, depending upon the 
composition and the degree of superheating. The percentage of cop¬ 
per in the matte is commonly known as its “grade” and the amount 
expressed as a percentage of the total charge as the matte fall. 
Analyses of typical copper mattes are given in Table 34. 

TABLE 34 


Analyses of Copper Mattes 



Per Cent 

Ounces 
per Ton 

Cu 

s 

Fe 

Fe304 

Zn 

Pb 

Bi 

Sb 

As 

Ag 

Au 

Bla,st furnace, I 

11 

Reverberatory furnace 

11.20 

5 - 1.80 

00.70 

25.‘17 

23.30 

23.25 

01.68 

20.25 

11.43 

1.13 

0.34 

2,41 

0.005 

0-12 

0.59 

0.047 

0.004 

0.042 

0.023 

0.079 

0.22 

0.017 

0.045 

0.09 

6.0 

60.4 

0.05 

0.10 

0.30 


THE COPPER BLAST FURNACE 

212. General. The blast furnace is a shaft furnace, charged with 
ore fuel, and flux. The gas, heated by the combustion of the fuel, 
rises up through the furnace countercurrent to the descending 
charge As reduction and slagging proceed, the matte and slag 
formed descend to the crucible. Although blast furnaces differ 
w'idely in size and shape, certain fundamental facts dictate the gen¬ 
eral design. They arc: 


1 The major part of the fuel is burned in relatively srnall space 
■ immediately in front of, and above, the tuyeres This smelt¬ 
ing zone is the hottest part of the furnace and here the gases 
are heated This gas, in turn, will be used for chemical re- 
iluction and to transfer heat to the constituents in the upper 


nart of the furnace. . , i 

2 There must be sufficient carbonaceous fuel or oxidizable co - 
present to furnish the heat for the reactions and ra.se 
the temperature of the products well above their melting pom . 
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3. The smelting process is essentially a reaction between the ris¬ 
ing gas current and the solids of the charge. If there is an 
excess of coke and the furnace gases contain large amounts of 
carbon monoxide, the process is known as reducing smelting. 
If they contain less coke and an excess of oxygen, it is known 
as oxidizing smelting. The contour and size of the furnace will 
depend upon whether carbon or sulfur is the chief source of 
heat. 

4. The diameter or width of the furnace will be determined by 
blast penetration and the formation of flue dust. If it is too 
wide excessive pressure is required to drive air into the center, 
resulting in the formation of too much flue dust. 


213. The Great Falls Furnace. In general construction, this fur¬ 
nace (sometimes called the Klepetko) is similar enough to the lead 
blast furnace described on page 292, for us to use Figure 52 as a 
basis for a brief description. Shaft and tuyere construction are much 
the same with a working height or smelting column of 10 to 14 feet. 
Tuyeres 4 to 6 inches in diameter may be spaced 10 to 18 indies 
center to center. The width of the shaft may be 36 to 56 inches and 
the length 266 to 1044 inches, although circular furnaces are frequentlv 
used m small plants and for the smelting of the by-products. The 
chief difference lies m the hearth or crucible because it is used in 
the copiier blast furnace more as a launder or collecting trough A 
relatively small amount of molten material collects, and no sepa- 

fe«rhl * 7 ” “ ® 'onstituents as in ^^lie 

lead blast furnace. These flow out of the blast furnace, through a 

common tap hole located in the center of one side or at both ends 

is a* fi" TZI- Ti ^ ” settler eutside the furnace This 

the mitt container where a separation takes place between 

e matte and the slag. These forehearths are usually 6 to 20 feet 

he Z :i and " T' “ surge Uni be^wt 

one lldT A 1 ““■"'etters. Slag overflows continuously from 
by the loZrtlm ^ 

furnace blerakd ^n“byTlH”filTudnt”™Th“ 
lotud In the fimt JIS thi olileTrugh” 

to furnish the neTessaTl hlTand'’ '“'>'>nnceous fuel 

oxides. The blast of X .h m ^ reduction of the 

blast of air should oxidize only the carbon, none of 
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tlie sulfur. The ore must be a massive sulfide with relatively small 
percentages of gangue. In pyritic smelting an attempt is made to 
save coke by using the heat of oxidation of sulfur and iron to pro¬ 
mote the reactions of matting and slagging. Although theoretically 
there may be sufficient heat generated in the furnace for this pur¬ 
pose, actually it is usually necessary to use 1 to 3 per cent of coke. 

The most common type of smelting today is partial or semi-pyritic 
because the process is carried out with ores which do not contain 
enough sulfides for pyritic smelting and yet may not require roast¬ 
ing. The amount of coke used varies from 3 to 16 per cent of the 
weight of the charge. 

215. Blast Furnace versus Reverberatory Smelting. Blast fur¬ 
naces do not operate very well on fine ores or concentrates, for not 
only is there considerable loss of valuable metals through the forma¬ 
tion of an excessive amount of flue dust but also this fine feed tends 
to obstruct the passages in the shaft of the furnace and materially 
affect its capacity and efficiency. Blast furnaces require less space 
and less capital investment than rcverberatorics. However, the fuel 
(though small in amount) is relatively expensive, and more power 
and water arc re(iuired. A large and increasing proportion of our 
metal is now coming from concentrates, which vary in size from % 
inch to the finest dust. Relatively little high-grade direct smelting 
ore at least in this country, is now available for treatment. The 
fine material referred to above is best treated in a reverberatory 
furnace because the relatively quiet hearth and general conditions 
there reduce the loss through flue dust. The reverberatory furnace 
does rcciuirc an extensive roasting plant, a large amount of floor 
space, and tics up more “metal in process.” It also usually produces 
less slag. In this country, by January, 1947, the reverberatory had 
replaced the blast furnace in all except small plants. Although 
coarse ore- is not entirely suitable for the reverberatory, such ore 
can be easily and cheaply crushed for reduction. 

216. Chemistry of Partial Pyritic Smelting. If the blast fur¬ 
nace is assumed to be in normal operation, the top temperature wi 
be about 200°C, at which point the charge, on being placed m 
furnace will be dehydrated and any sulfur not oxidized within the 
Tnaoc cLrgc will he burned to dioxide at the surface. Just below 
the surface the pyrite will be decomposed by heat thus. 

2FeSa —* 2 FeS + S 3 


(26) 
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2CuO + C -> 2Cu + CO 2 
2Cu + FeS ^ CuaS + Fe 
CU 2 O 4- FeS CuaS FeO 
2Fe + 02-^ 2FeO 


Still lower in the furnace the oxides of copper will be reduced by 
carbon and carbon monoxide, and the copper thus set free will be 
at once resulfurized by the sulfur present: 

CuaO + CO ^ 2Cu + CO 2 (27) 

2 CU 2 O + C 4Cu + CO 2 (28) 

CuO + CO Cu + CO 2 (29) 

(30) 

(31) 

(32) 

(33) 

2FeO + CO 2 —» FeaOa + CO (34) 

(Concentrations and temperatures will determine the relative propor¬ 
tions of iron oxide, carbon dioxide, and carbon monoxide thus 
formed. 

The sulfur will continue to unite preferentially with the copper- 
the mon (whether from original oxides, sulfides, or metallics), ac- 
cording to the following reactions, will be divided between the matte 

rltr r i ‘h® “Peratof in 

controllmg the character of the charge, the preliminary roasting 

or the conditions within the blast furnace itself. The goal will ordi¬ 
narily be tte production of a matte to suit local conditions by sup- 
plying^st sufficient sulfur to unite with the copper and a part of tL 
n. The remainder of the iron will enter the slag as ferrous oxide 

the'^fro‘^“®in!™ -uT conditions, a variable proportion of 

the iron sulfide will be oxidized: 

2FeS -I- 3 O 2 2FeO + 2 SO 2 (35) 

smelting, this reaction furnishes a part of the 
L co”e. * '“““S from the coLustion of 

Meanwhile the molten matte (melting at about 950®C) will trickle 
down over the undecomposed portions of the charge absorbing 

As, Sb Bi Se ?e 

ag will form as a complex ferrocalcic silicate and in + ’ -li 

entrain (as Cu^S) or dissolve (as CusO) le toner The 7 '"n 
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The air entering the furnace at the tuyeres, where the tempera¬ 
ture is probably of the order of 1350°C, oxidizes the carbon either 
directly or in two steps, thus: 


C “h O 2 —* CO 2 


(36) 


CO 2 + C 2 CO (37) 

Just above the tuyeres the gas should contain, theoretically, ap¬ 
proximately 34 per cent carbon monoxide; but, as it rises in the fur¬ 
nace, carbon dioxide will be added from the calcination of the hine- 
stone of the charge and of carbonates in the ore. Some of this 
carbon dioxide will be reduced by the carbon, depending upon the 
temperature prevailing in the furnace at that point. If it is above 
1000°C this reduction will be rapid and nearly complete. At a 
temperature of about 950°C the cuprous sulfide and ferrous sulfide 
will melt to form a matte, the tenor of which in copper will depend 
upon the amount of oxidized copper present in the original charge 
and the amount of sulfur and iron oxidized lower down m the iu - 
nace. Some of the arsenic and antimony will be oxidized thus. 

2AS2S3 -f 9O2 2AS2O3 + 6SO2 ( 33 ) 

2 Sb 2 S 3 + 9 O 2 2 Sb 203 + 6 SO 2 (39) 

and will join the furnace gases; the remainder will be absorbed by 

^ Beginning at a temperature of about 800°C and reaching com¬ 
pletion at 1100 °C, the limestone of the charge will be calcined thu . 

CaC 03 CaO -|- CO 2 (40) 

and the carbon dioxide will join the furnace gases although a vari¬ 
able proportion will be reduced to carbon monoxide according ^ 
reaction 37 (reaction 40 is endothermic 
calories) This will depend, more than anything else, on 
descent ct the charge in the furnace and the 

there In view of the fact that the top gases are not utilized as 
fuel, as they are in the iron blast furnace, this 
a loss because it consumes valuable coke and cools the furnace. 

1 When large amounts of arsenic are present, a 

by the matte. When this arsenic is not oxidized, a speiss (arsem 

separate product. 
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Meanwhile the “converting” reactions: 


2 CU 2 S -f- 3 O 2 —^ 2 CU 2 O -j- 2 SO 2 (41) 

CusS + 2 CU 2 O ^ 6Cu + SO 2 (42) 


will go on to eliminate more sulfur and iron. 

Heat is supplied largely by reactions 25, 35, 36, and 41, yielding 
70,920, 224,200, 94,450, and 188,900 calories, respectively. 

Finally, it should be borne in mind that these reactions should 
not be considered as absolutely consecutive within the furnace or 
confined to any particular level within it; rather they represent the 
theoretical steps and the ultimate products. As concentrations of 
gases within the furnace and temperature levels change, these reac¬ 
tions may be reversed temporarily. For example, let us suppose 
that a piece of limestone, through channeling of the charge, or 
through being covered with an impervious film, reached a point 
where the temperature was of the order of 1000°C without being 
calcined. When calcined at 1000°C the decomposition would be 
rapid. If sufficient carbon was present to reduce the carbon dioxide 
formed, well and good; but if there was not sufficient, iron or copper 
would be oxidized to the respective oxides, and they would be re¬ 
duced again lower in the furnace when carbon monoxide or carbon 
became available. 


217. Products of Blast Furnace Smelting. In smelting sulfide 
ore by any of the three methods described, four products are ordi¬ 
narily obtained: matte, slag, speiss, and flue dust. With the excep¬ 
tion of the slag, all these products are intermediate and must be 

treated by other processes to obtain the copper, precious metals, and 
by-products. ’ 

The matte produced contains 15 to 50 per cent of copper besides 
varying amounts of gold, silver, platinum, arsenic, antimony, and 
other impurities. This matte is usually collected in the forehearth 
until a sufficient quantity has accumulated to make it worth while to 
send It on to the converting department, where it is reduced to blister 
opper and cast directly into ingots or anodes. Sometimes in smelt- 
ng massive pyritic ores, and at other times with siliceous ores con¬ 
taining enough gold and silver to pay for the operation, matte as 

C°!h a converting. It may be 

crushed and roasted to remove the sulfur or smelted directly in a 
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pyritic furnace to produce a richer matte, which will be adapted to 
this converting operation. Ordinarily the slag from the second fusion 
is too high in copper to be thrown away and is returned to the first 

furnace for retreatment. 

Blast furnace slag contains, under present-day practice, 0. 5 o 
0.55 per cent of copper, the major portion of which is entrained 
mechanically as very fine globules of matte. Although this s ag 
may be considered a waste product, it is frequently stored in hopes 
that processes may be developed in the future whereby this small 
amount of copper can be extracted at a profit. Some of the hy ro- 
metallurgical processes are being applied successfully to ores almo 
as low-grade as these slags. In smaller plants the slag is allowed 
to run into slag pots, which are taken out from time to ^me and 
emptied on the slag dump. In larger plants the stream of slag 
allowed to fall into a large basin in which a current of water i 
running. The slag is broken up into small granules or drops that 

are carried away to the dump by the running water. 

With ores containing considerable quantities of arsenic or anti¬ 
mony (these having been incompletely eliminated m 
speis^s forms, consisting of the arsenides of the base metals (ch y 
copper and iron). Only in exceptional circumstances is 
cient quantity of it for removal as a separate product. Y 

it is mixed with the matte, and the arsenic removed by 
the converter. If it is treated separately it is usually crushed 
roasted and then charged back into either the reverberatory or 

“"reonsists of both changed and unchanged particles of oro 

rcr s:iihf cifn: h- - 

rrd:::r= 

Twor,::^ h :rc=t rhtr!r:fh: lound 

copper ores is high, P™"hirc:::i:. 

W„h in th, .1^ 

3'::. - r.1 



THE REVERBERATORY FURNACE 


163 


low. The recovery of copper should be in the neighborhood of 97 
per cent, that of silver 98 per cent, and that of gold nearly 100 per 
cent of the metal contained in the charge. 

SMELTING IN THE REVERBERATORY FURNACE 

•219. General. ^In contrast to the blast furnace, relatively few 
heat-producing reactions go on within the charge of a reverberatory 
furnace. Rather, its principal function is to melt down the charge, 
form the matte and slag, and permit them to segregate into two 
layers so that they may be removed for treatment or disposal. The 
chemical reactions taking place within the charge are of two types: 
the first, metathesis, converting all the copper into the sulfide form 
and most of the iron into the oxide form so that it may unite with 
the flux to form a slag; the second involving reactions between the 
components of the charge and the atmosphere above whereby sul¬ 
fur dioxide is formed and liberated.^ The sulfur elimination, de¬ 
pending upon the nature of the charge and the amount of free oxy¬ 
gen in the flame gases, will range from very little to as much as 30 
per cent of the total sulfur in the charge. 

220. The Reverberatory Furnace. (X reverberatory furnace for 
the smelting of sulfide-copper ores or concentrates is shown in Fig¬ 
ures 21, 22, and 23. It may be 90 to 130 feet in length, 18 to 28 
feet in width. The shorter furnaces provide adequate settling area 
and are cheaper to build and maintain. The functions of the rever¬ 
beratory furnace are: 

1. To melt down the ore and flux as rapidly as possible with a 
minimum heat loss. 

2. To permit the formation of matte and slag. 

3. To maintain a temperature high enough to render the slag and 
matte perfectly fluid so that a separation can take place. 

The foundation of the furnace, of either concrete or poured slag, 
must be massive enough to withstand the heavy load imposed by the 
furnace, as well as the 1 to 4 feet of molten matte and slag which 
collect on the hearth during the smelting operation. The hearth 
proper must be built of some very refractory material so that it will 
resist the high temperature as well as the corrosive action of this 
slag and matte. It must also have considerable mechanical strength 
at the high temperatures (140a-1600®C at the firing end, llOO- 
1200°C at the flue end) to resist the pressure of the heavy bath 
bilica IS the most popular hearth material!) Not only is it cheap, 
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widely distributed, and easily applied but it also resists well the 
somewhat acid slags used in reverberatory practice.'(The working 
bottom, 24 to 30 inches in depth, is first formed into a rough cup¬ 
shaped depression and sintered into place by long continuous firing. 
The depth of molten charge ranges from 20 to 50 inches.J At points 
along one side, one about 25 feet and the other about 35 feet from 
the bridge end, are two matte tap holes on a level with the bottom 
of the hearth; and at the flue end of the furnace, at a higher level, 
a skimming hole is provided for the slag. When boilers are used, 
because of the cooling effect, slag is tapped at a point along the 
side, about 10 feet from the flue end. Water jackets are used at 
some plants for cooling the hearth, ports, and other special parts. 
Certain smelters, notably one operating on a copper-nickel ore, have 
found a basic hearth of magnesite brick to be very successful, and 
chrome brick is often used at the slag line to keep down the corro¬ 
sion due to the formation of ferrous oxide at the slag-gas interface. 
On a level with the top of the hearth, and along both sides of the 
furnace, are small openings with tightly fitting sliding doors. 
Through these the operators may watch the changes in the contents 
of the furnace, rabbling the charge if it is found necessary and mak¬ 
ing temporary repairs to the bottom and the side walls. 

/The general shape of the roof must be such as to reflect—hence, 
tne name reverberatory—^the flame from the combustion of the coal 
or oil down onto the charge on the hearth. It is customary to 
“dome” the furnace section at the combustion end. ^ Doming con¬ 
sists in actually raising the roof about 2 feet higher tTban the normal 
arch to provide sufficient combustion space. It cannot be done by 
raising the arch across its entire width because of the nature of the 
fine, hot calcines. They have such a flat angle of repose that any 
great increase in the elevation of the drop holes would result in 
blocking the center channel of the furnace, because the charge from 
the two sides would meet in the middle. As will be seen from 
Figure 22, the elevation of the drop holes has been left unchanged, 
the increase in cross-sectional area being obtained by using a raised 
flat section of arch in the center 20 feet of the furnace, with an 
abrupt drop at each side down to the drop hole level. This offers 
a wide channel in the center for the free flow of converter slag and 
melted charge through to the skimming end of the furnace. The 
efficiency of the furnace depends largely upon the contour of this 
roof, which has been universally built of silica brick. It varies in 
thickness from 15 to 20 inches and may be either the sprung arch or 
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supported type. (JThere is a distinct tendency toward the use of 
magnesite roofs of the suspended typej The experience of one of 
the large smelters ^ is significant. There it has been found that the 
life of this type of arch is many times that of the sprung silica type. 
Furthermore, the furnace campaign can be prolonged almost indefi¬ 
nitely by “hot patching,” that is, replacing burned-out brick with¬ 
out reducing the firing rate or interfering with normal furnace op¬ 
eration (shutdowns are made once a year for about 24 hours for 
repairs on the firing wall, front walls, and uptakes). The lost time 
for repairs per furnace per year has been reduced from 12.6 to 3.7 
furnace days. 

A recent survey has shown that half the domestic plants use natu¬ 
ral gas; most of the remainder, pulverized coal. The amount of coal 
consumed in a large furnace varies from 275 to 400 pounds per ton 
of charge, that of fuel oil from 0.5 to 1.5 barrels per ton of charge. 
There is considerable loss of heat in the waste gases from these fur¬ 
naces because they leave at a temperature of about 1200°C; con¬ 
sequently, waste heat boilers are frequently provided whereby as 
much as 55 (average 40) per cent of this heat can be saved and used 
for the generation of power as shown in Table 35. A typical plant 
is shown in Figure 23. 

TABLE 35 

Heat Balance op Copper Reverberatory Furnace 



Btu per 

Per Cent 

Input 

Furnace Day 

Total Input 

Coal 

1,827,676,000 

94.63 

Calcine 

103,680,000 

5.37 

Output 

1,931,356,000 

100.00 

Slag 

335,820,000 

17.40 

Matte 

96,000,000 

4.97 

Limestone decomposition 

96,567,800 

4.99 

Boilers 

579,406,800 

30.00 

Flue gases 

347,644,100 

17.94 

Radiation, conduction, etc. 

475,917,300 

24.70 

Total 

1,931,356,000 

100.00 


furnaces smelt up to 2100 tons of solid charge per 24 
^ Private communication. 
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Fig. 23. Section of Copper Smelter. {Courtesy of Engineering and Mining Journal. 
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221. The Character of the Charge. This has changed greatly 
during the past twenty years. Formerly, there was a good deal of 
coarse, high-grade ore available, but today the charge is almost al¬ 
ways made up of roasted or raw concentrates produced by the flota¬ 
tion process. These, or calcines produced from them, contain more 
flnely divided material than formerly, and the calcines flow like 
water in the furnace. The concentrates, if charged raw, contain 
considerable moisture and are likely to be difficult to handle because 
of the presence of chemicals used in the flotation process. Another 
change has been caused by the greater proportions of flue dust and 
cement copper. With this situation in mind, let us review the im¬ 
portant facts to be considered in connection with the solid materials 
of the charge. 


1. The copper and sulfur contents must be adjusted by mixing or 
roasting so that a matte of the proper grade will be produced. 

2 . The particle size of the charge will affect the rate of smelting, 
the slag loss, and the amount of flue dust produced. 

3. The nature of the gangue, which must be slagged off with an 
appropriate flux, must be considered in the light of local eco¬ 
nomic conditions. Always the operator attempts to reduce the 

• amount and cost of the flux by mixing his ores or choosing his 


4. The physical and chemical characteristics of the copper-bearing 
material—that is, whether it is roasted, fine ore, dried or wet 
concentrates flue dust, plant reverts, or cement copper—must 
be considered. 


V f ^ «™'-beratory charge be hot. The 

old mrthod of charging was to drop large amounts of cold ore and flux 

nto the hearth through hoppers located along the center line of the 

meriered With the best working of the furnace. They were dronned 
at long intervals (3 hours), but even so large charsL ofT+n i.T 
in weight appreciably lowered the temperature of the furnace. 

inCiZ"! "t W i“d ort a“d‘tefromtfrofr 

operating in these holes are powerful screw fedeJs ‘drlv^^; 
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or electric motors. Material is supplied to these screws by feed bins 
located just below the feed floor and along the sides of the furnace. 
A still more recent innovation is the use of powerful plungers instead 
of the screw feeders for the introduction of the ore. Converter slag 
is added, while molten, through the ports. Continuous side charging 
has succeeded in reducing the dust loss very materially, in protecting 


a Hearth 
b Feed floor 
c Calcine hoopers 
d Gravity feed pipes 
e Screw feed pipes 
f Screw feeder 


g Roof 
h Tie Rod 
i Air motor 
j Column 
k Charge 
I Matte 


m Slag 
n Air pipes 


( 6 ) 



the side walls of the furnace from the mechanical wear of the charge, 
as well as from the corrosive action of the slag and matte, an in 
generally prolonging the life of th^'roof by cutting down spalling 
and cracking caused by rapid tempferature changes^ 

In roasting for reverberatory smelting, as well as in the operati 

of the furnace, care must be exercised not to —“J™ 

oxide This forms a mush in the furnacr^may actually build up to 
a considerable thickness on the hearth. At this writing great mt re 
is being shown in the direct smelting of copper concentrates. A shelf 

is built along the side of the furnace (lined “J^i a 

F1.P nrp rests before it falls into the molten bath. With this memo 
the dust loss is much less and, surprisingly enough, the net fue ra IM 
Ire eral to or better than those obtained in conventional practice. 
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About 30 per cent of the sulfur is eliminated in the furnace in pro¬ 
ducing a 31 per cent copper matte. 

223. Products of the Reverberatory Furnace. These products 
are similar to those produced in the blast furnace, namely, matte, 
slag, speiss, and flue dust. So far as mattes are concerned, a much 
higher ratio of concentration and, consequently, higher-grade matte 
may be produced than in the blast furnace.^ Reverberatory slags 
(owing to the lower temperatures prevailing) used to run high in 
copper but today, with pulverized coal and fuel oil, much higher 
temperatures are possible; consequently, with the more fluid slags 

there is less slag loss of entrained matte. Slag analyses fall within 
the following ranges: 


Highest of 12 plants 
Lowest of 12 plants 


Per Cent 

Si02 

FeO 

CaO "t* MgO 

AI2O3 

Cu' 

39.4 

51.5 

12.3 

7.5 

0.55 

25.9 

32.7 

2.0 ’ 

4.9 

0.27 


xuca. ooiiuiLiuiis lor gooa metallurgical results call for’a slag con¬ 
aming 37 to 38 per cent SiOa, 39 to 40 per cent FeO, 4 to 6 per cent 
a , an 4 to 6 per cent AI 2 O 3 . Each ore is a problem in itself but 
in general a proper ratio of base metal to precious metal is essential 
0 good metal recoveries. The ratio of slag to matte will average 1.8 
to 1 . On the whole, reverberatory slags are more acid (hence 
cheaper) but still slightly higher in copper than blast furnace slags. 
224. Reverberatory Refractories. Some furnaces have been built 

he ^at shortcoming of the silica hearth, so commonly used has 
een its instability and tendency to fracture and float up Until 

rr of these basic refractories and thL metal 

^sorption properties, most plants will cling to the silica hearth 
Much more extended use has been made of hot patching with Tsiut 
sand slurry. A satisfactory technique' has been worked out and it 
has been demonstrated that furnace campaigns of oyer 2 years are 
obtainable in a 25 by 100 foot furnace smelting at the raj of IMO 
tens of solid charge per day. Larger furnaces have smelW o" 
million tons in a campaign (see Article 277). 

225. “Deep Baths” versus “Drv Hearth” Qmoui tt i 
years ago, it was almost universal practice to tap only^a part Jf the 

1 Reveiberatoiy mattes now contain Si in an 
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matte and slag from the furnace, leaving a pool of matte in the 
furnace at all times. This layer, 12 to 30 inches in depth, covered 
the hearth from end to end. Such smelting technique (the deep bath) 
had the following advantages: 


1. In the old days when high-grade matte commonly was shipped 
to another plant a furnace could be drained; but when smelting 
plants were extended to include converting and refining, it be¬ 
came necessary to maintain a reserve supply of matte in the 
furnace to act as a surge tank and thus take care of fluctuations 
in operating rates in the different departments. 

2. There was less hearth and wall corrosion so that fettling (re¬ 
pairing with refractory material) had to be done at less frequent 
intervals. (Matte does not corrode the hearth appreciably.) 

3 By maintaining a large bulk of molten material in the furnace 
it could be made to serve as a sort of thermal cushion to prevent 
great fluctuations in temperature as relatively cold charge in 
large amounts was introduced. By skimming only a part of 
the slag and tapping only part of the matte, it was possible to 
maintain a more nearly constant temperature in the furnace 

4 The molten bath is a better conductor of heat than the co d 

■ charge and serves to keep the hearth hot, thus preventing build¬ 
ing up with products of side reactions or with relatively in¬ 
fusible substances. , , . i 

5. The calcines are absorbed easily by the slag and dust losses a e 

diminished. Furthermore, there is no necessity of hand level¬ 
ling, as in the old days, with the attendant time and heat losses. 

Against these advantages, there is only one disadvantage-the 
danger of a breakout when the matte in a large furnace amounts 

to as much as 150 tons. 

“Dry hearth” Bmolting, now practiced in many plants, gr™ out ot 
the litigation involved in the trial of the Carson amt >»volvmg s de 
charging (see Article 222). In the course of expermenta conduc cd 
in connection with this suit, it was demonstrated that “ 

charging (as Brst used) it was not possible to keep a do^P ba 
matte over the entire hearth. The matte pool froze near the skim 
end and only a small pool of molten matte could be maintained 
Taf the firing end. Further experiments warranted the conclusion 
that it was not necessary to maintain a deep bath, prov 
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stant supply of charge and heat were maintained. One point in favor 
of dry hearth smelting is the greater exposure of the solid materials 
to the gases, but this is important solely from the heat transfer stand¬ 
point for there is little chemical action between these and the solid 
charge. 


Deep bath smelting has brought with it high metal losses and 
erosion of the brick work due to the fluxing action of the flue dust. 
To cut down on this loss, gun feed has been resorted to in a number 
of plants. It consists of using a water-cooled, power-activated charg- 
gun which is inserted through the side wall of the furnace, on or 
beneath the bath, and the charge injected under pressure. Operators 
claim for this method: (1) better control of furnace-charging opera¬ 
tions, (2) less flue dust loss, (3) better combustion areas in smaller 
furnaces, (4) better heat release from matte baths, (5) larger matte 
reservoir, and (6) cleaner slags. 


226. Fuels. Grate firing has long since been given up, the im¬ 
portant fuels now being pulverized coal, fuel oil, and natural gas. 
With all, rapid and complete combustion must be achieved by mixing 
thoroughly and intimately the fuel with the combustion air by 
means of special burners. Generally “primary” air is introduced 
with the fuel in order to atomize or disperse it and “secondary” air 
introduced around the burner or through furnace openings to com¬ 
plete combustion and furnish the requisite excess air. The amount 
0 ue used is expressed either as a set fuel ratio or as an amount 
of fuel (in pounds, barrels, cubic feet, or gallons) per ton of charge 
smelted. The choice of a fuel will be governed by the following 


1. The cost and availability of the fuel. Naturally, it would be 

more economical to use natural gas in Arizona, close to a plenti- 

ul and ^eap supply, and pulverized coal or fuel oil in New 
lork or Quebec. 

might be cheap, it might be so low-grade that to attain the de- 
ed temperature in the furnace would be difficult. 

. The amount and character of the ash in the coal. This might 
^oduce teing problems and necessitate the 
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227. Pulverized Coal. Almost any coal can be pulverized but it 
cannot be stored for long after it has been prepared. It is necessary 
to grind it to as fine a state of division as possible for the rate of 
burning is a function of surface and consequently of size. Usually 
90 to 95 per cent is required to pass a 100-mesh screen with 80 to 85 
per cent passing a 200-mesh one. Such a material is potentially ex¬ 
plosive. The air entering with the coal (primary) is usually limited 
to 35 per cent because this amount will not produce an explosive 
mixture The remainder (secondary), at about 5 pounds per square 
inch pressure, is introduced with the coal at the burner. Frequently 
the secondary air and sometimes the primary are heated to about 
300°C. Formerly it was the practice to operate with a long, luminous 
flame, but more recently it has been proved that most of tlie radia¬ 
tion takes place not from the incandescent carbon particles but from 
the roof of the furnace, and of course the latter type flame represents 
much more efficient combustion. The calorific power in general will 
be high, 11,000 to 13,500 Btu per pound, because only high-grade 

coals can compete with the other fuels. 

228 Fuel Oil. This is a more attractive fuel than coal because 
it can'be more intimately mixed with air, is more easily handled, does 

not contain as much ash, and will give a very high flame 
All sorts of oils may be used, from the crudes to products of petroleum 
refining Atomization with high-pressure air or steam ' 

The calorific power will range from 6,500,000 to 6,500,000 Btu per 

’’m Natural Gas. This fuel, although apparently “ “ one 
has brought with it some, as yet, unsolved problems. 
had difficulty with the original large, single-spud burners. They 
“o“ved W be noisy, hard to regulate, and the Mgh gas ve rity 
causes heavy turbulence, which in turn gives rise to rapid deter 
tion of the brick work. Multi-jet burners have 
somewhat On the whole, results to date have indicated that natura 
gas as a fuel is 8 to 10 per cent loss efficient than either oil or coa 

Ld furthermore it has not been possible to 

nnr fumacc duY Natural gas has a heating value of 700 to 1400 Btu 

^r cuirfiiordepending upon the relative proportions of methane, 

'mDk.c7w.ing. Direct smeltmg w-f—rurll 
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tion of roasting equipment and the Cottrcil ijlant would result in; 
(1) less capital investment for first construction, (2) full utilization 
of the excess fuel, (3) generation of a large propm’tion of the power 
required for the plant, and (4) production of a satisfactory grade of 
matte. Table 36 indicates that these results have been accomplished, 


TABLE 36 
Direct Smelting * 


Year 

Tons per Furnace Day 

N.M.B.M.t 

Smelted 

Solid 

Charge 

Smelted 

Coal 

Burned 

1934 

448 

637 

139 

1936 

842 

901 

186 

1940 

820 

865 

215 

1941 

715 

759 

194 

1942 

796 

845 

177 

1943 

669 

719 

164 

1944 

681 

735 

179 


Water 
Evaporated 
per Furnace 
Day, lb 

Furnace Slug 

Million Htij per 
'J'un Stjlid Clmrtie 

Cu, % 

Si02, % 

Gfos.s 

Net 

1,635,000 

0.61 

38.6 

0.297 

3.027 

1,816,000 

0.39 

36.3 

4.993 

2.648 

2,527,180 

0.35 

37.5 

6.264 

2.817 

2.258,631 

0.35 

39.2 

6.388 

2.893 

1.924,307 

0.37 

38.6 

5.188 

2.520 

1,878,274 

0.49 

35.9 

5.614 

2 527 

1.931,857 

0.52 

35.5 

5.961 

2.810 


+ XT N . , ■' ‘"''"'‘U ona Metallurgical Engineers 

t New metal bearing material, ‘Vtneers. 

•231. Chemistry of Reverberatory Smelting. The rovcrbcntnrv 
furnace can best be considered as a huge melting furnace because tlie 
atmosphere .s ne^l or slightly oxidismg and the charge doe's ™ 

Z “ 'Zf r’*" '-^“““i^a^fuel. The reactLs takmg 

P ace are largely between the constituents of the ore and flu.x for no 

uel is _c^ed withjhe ore. This fuel is burned solely to furnish 
h^t for ths reactions and to liquefy the matte and slag- “ 

andZrsL ttTsZ oTthe!”' cuprous£mde, 

pyrite and ferrous sulfldeA Any coppe^riUcZ ^ by 

present will also be decoded and sulfurkfd 
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CU 2 S + 2CuO 

4Cu -}■ 8 O 2 ' 

(43) 

CU 2 S + 2 CU 2 O 

6 Cu 4“ SO 2 

(44) 

CU 2 O + FeS 

CU 2 S 4~ FeO 

(45) 

2Cu + FeS —> 

CU 2 S 4 - Fe 

(46) 

Cu 2 Si 03 4- FeS 

CU 2 S 4 " FeSi 03 

(47) 

CuC03-Cu(0H) 

2CuO 4 - H 2 O 4 - CO 2 

(48) 

CaC03 

CaO 4“ CO 2 

(49) 

CuO + FeS 

CuS + FeO 

(50) 


(51) 

(52) 

(53) 

(54) 

(55) 


As the temperature of the mass rises, the iron oxides present will be 
«dld V iron, iron sulftde, and sulfur dioxide, thus releasing the 
^on as the ferrous oxide lor slag formation^ ~h the^— 
of a simple ferrous or calcium silicate has been mdieated for slag, 
it is certain that complex ones form (see Article 209). 

Fe 304 + Fe -> 4FeO 
3 Fe 304 + FeS -> lOFeO + SO 2 
3 Fe 203 + FeS -> 7FeO + SO 2 
6FeS + 4 SO 2 2 Fe 304 + 582 

FeO + Si02 Fe0-Si02 (slag) 

Magnetite is a common constituent of roasted ores and 
in the ^furnace itself. The presence of this ^ 

or suspended, is a frequently mentioned c»se oj » ab™ VJ^ 
copper content in reverbera ciry ® increases 

the of magnetite settle in a 

the viscosity of the slag, ._„o 4 .p « false furnace bottom to 

wiT diffuse into one another, thus lowering tne 
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the matte melts at a temperature of about 980°C. As this molten 
matte trickles down over undecomposed particles of the charge, it 
dissolves the precious metals and transfers heat to the gangue and 
flux particles until finally at a temperature of about 1000°C the slag 
forms. Any arsenic or antimony present will be volatilized or dis¬ 
solved in the matte. The slow current of molten material in the re¬ 
verberatory bath toward the skimming bay will take this mixture 
of matte and slag in that direction, during which liquation will take 
place to effect a fairly efficient separation. i 
232. Trends in Reverberatory Practice. As new plants are built 
and old ones revamped and enlarged, it appears evident that future 
dianges in reverberatory furnaces will take some one of the follow¬ 
ing forms: 


1. The capacity of the furnaces will be increased by enlarging the 
furnaces and the thermal efficiency increased by enlarging the 
waste heat boilers and using insulation to a greater extent. 

2. Greater use will be made of gun feed and side wall water jackets 
to permit the use of deep bath smelting. 

3. Feed to the furnaces will be ground finer in order to promote 
better fluxing and increase smelting capacity. 

4. Basic refractories will be used to a greater extent in the hearth 
and crucibles. 

5. Suspended arches will be used wherever it is difficult to maintain 
the sprung arch type. 

6. The spray process of hot-patching reverberatory arches will be 
improved and furnace campaigns extended to more than three 


233. E ectric Smelting. Although to the author’s knowledge no 

Tctrr h h*'’' Po’^sibilities of 

electric smelting should not be overlooked. The large hydroelectric 

p wer evelopments in this country have made available very cheap 

SaTes rCT P--- certain 

advantages The thermal efficiency of the furnace would be very 

steetiT^f'' T" reverberatory; similar furnaces used in the 

should btr^ f°T “ "'“‘‘■cdc consumption; there 
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tion of the sulfur dioxide formed, with the nitrogen of the atmos¬ 
phere, possibly making a valuable by-product of this sulfur dioxide. 

234. Problem. A mixture of roasted ore containing 13 per cent copper, 
5 per cent sulfur, 5 per cent CaO, 40 per cent SiOe, and 28 per cent iron and 
raw sulfide ore containing 6 per cent copper, 32 per cent sulfur, 24 per cent 
iron, and 31 per cent SiOo is to be smelted in an oil-fired reverberatory fur¬ 
nace. The available fluxes consist of pure limestone and a pyrite cinder con¬ 
taining 85 per cent FeoOa and 15 per cent SiOa- Assume that 20 per cent of 
the sulfur of the charge is o.xidized to SO 2 . 

Required: 

1. Make up a charge of 1000 kilograms which will yield a 40 per cent matte 
and a slag with a ratio of Si02:FeO:CaO = 40; 35-.15. 

2. What is the matte fall? 

40% Cu = 40 X H-g = 50% CU 2 S 
100 - 50 = 50% FeS 


In such a matte Cu;Fc:S = 40;31.8;28.2. 

1 unit Cu requires 0.707 S. 

1 unit Cu reejuircs 0.795 Fe. 
1 unit vS requires 1.125 Fe. 
1 unit S requires 1.415 Cu. 


In the slag Si 02 :FcO:CaO = 40:35:15. 

1 unit Si02 rociuires 0.875 FeO. 

1 unit Si02 reciuircs 0.370 CaO. 

Take 100 kilos of roasted ore which contains 13 kilograms of Cu. 

d'his reciuires 13 X 0.707 = 9.2 kilograms of S 
Tlu^re is available 5 - (5 X 0.20) = 4 kilograms of S 
Deficit in S = 9.2 - 4 = 5.2 kilograms 

One pouml of sulfide ore contains 0.00 kilogram of Cu. 

This reciuires 0.00 X 0.707 - 0.0424 kilogram of S to form the matte 

S in 1 kilo sulfide ore = 0.32 
S oxidized to SO 2 = 0.32 X 0.20 = 0.004 
Available S = 0.32 - (0.004 -}- 0.0424) = 0.213 

To fornW, oulfor ro,iu,ro, = 24.4 kilograms of sulfido o,o 


Hi ()2 in the roasted ore - 100 X 0.40 
Hi02 in the raw sulfide ore = 24.4 X 0.31 


40.0 kilograms 
7.0 kilograms 




47.0 kilograms 



PROBLEM 


Fe in the roasted ore = 100 X 0.28 28.0 kilograms 

Fe in the raw sulfide = 24.4 X 0.24 5.9 kilograms 

Total 33.9 kilograms 

The Cu in roasted ore requires 13.0 X 0.795 = 10.4 kilograms of Fe to 
matte 

There rema in s available for slag 33.9 — 10.4 = 23.5 kilograms of Fe 

o 30.2 kilograms of FeO 


47.6 Si02 requires 47.6 X 0.875 = 41.8 kilograms of FeO 

Deficit in FeO = 41.8 - 30.2 = 11.6 kilograms of FeO 

The pyrite cinder contains 85 per cent Fe203^ 85 X iw = 76.5 per cent 


The pyrite cinder contains 15 per cent Si02, which will require 
X 0.875 = 0.13 FeO for self-fluxing. 

Available FeO = 0.765 — 0.13 = 0.635 per cent FeO 


Cinder required = 


11.6 

0.635 


18.3 kilograms 


Si02 derived from roasted ore 40.0 kilograms 

Si02 derived from sulfide ore 7.6 kilograms 

Si02 derived from cinder = 18.3 X 0.15 = 2.7 kilograms 


Total 


50.3 kilograms 


50.3 kilograms of Si02 require 50.3 X 0.376 = 19 kilograms of CaO 
But the roasted ore contains 5 per cent CaO. 


CaO required = 19 - 5 = 14 kilograms 
Limestone required = ^ = 25 kilograms 

Setting up on basis of 1000 kilogram charge, we have 

Roasted ore 597 kilograms 

Sulfide ore 145 kilograms 

Pynrite cinder 109 kilograms 

Limestone 149 kilograms 

1000 


Total iron = (597 X 0.28) + (145 X 0.24) + (109 X 0.60) - 269 

^*^1 “to the „.atte, leaving 2021 

ams of l?e or 260 kilograms of FeO for the slag. ^ 

Total S for the matte = 863 X 0.707 - 60 kUograms of S 


grams 
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Cu 

Fe 

S 


Slag 





Per Cent 



Matte Kilograms 

Obtained 

Required 

86.2 

kilograms (40.2 per cent) FeO 

260 

34.8 

35 

67.0 

Si02 

299 

40.0 

40 

60.0 

CaO 

114 

15.2 

15 

213.2 

kilograms 

673 




.T, . . 673 

Total slag - 

= 748 




The amount 670 kilograms does not account for other constituents (10 per 
cent). 

670 

Therefore total weight of slag obtained = — = 745 kilograms 

The matte fall is 213 kilograms per 1000 kilograms of charge or 21.3 per cent. 


CONVERTING OF COPPER MATTES 

235. General. In the converting of copper mattes, air in small 
bubbles is forced through the molten matte contained in a vessel lined 
with a suitable refractory material. 

AVhen the blast of air from the tuyere mouth enters the molten 
matte, the ferrous sulfide is oxidized. The sulfur dioxide thus forrned 
escapes through the converter mouth while the ferrous oxide unites 
with the silica of the flux (or the lining, if the converter is an acid 
one) to form a slag. The heat of formation of this slag together with 
that produced in oxidation of the sulfur and iron is sufficient to keep 
the bath molten. When all the sulfur associated with the iron has 
been oxidized, the cuprous sulfide (“white metal”) is next oxidized. 
As soon as an appreciable amount of cuprous oxide has been formed 
this in turn reacts with cuprous sulfide to form blister copper and 
sulfur dioxide. These reactions go on until practically all the sulfur 
hak been eliminated. (In a large converter, for mechanical reasons, 
it is impossible to convert the last inch or so of matte.) A part of the 
arsenic, antimony, lead, and zinc are volatilized as oxides. The silver 
and gold remain behind in the blister copper. The operator judges 
the progress of the blow from the changes in the flame issuing from 
the converter and must be very careful not to blow too far and thus 
run the risk of either freezing the converter or saturating the raolte 
copper with cuprous oxide. From a reddish color at ^ ^ 

at the end of the slagging period to a green and finally to a blue 

the end of the blow. 
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belly of the vessel to hold the charge of matte, slag, and metal The 
bodv is supported by trunnions, one of which is hollow and serves to 
conduct the air (at 9 to 20 pounds per square mch, depending upon 
bath depth) to the tuyeres through the windbox which encircles the 
converter; the hollow trunnion is connected, through a stuffing box to 
an air main. The peculiar shape of the lining is due to the fact that 
the hnin<r corrodes unevenly, the greatest corrosion being near the 
tuyeres and at the slag line. One disadvantage of this type o con¬ 
verter is the unequal submergence of the tuyeres, there being only one 
position of the vessel where they are equally submerged. Each tuyere 
is 1 to 2 inches in diameter and has a wicket or flap valve to peiniit 
punching when they become clogged with pasty 

oxide Such a converter takes an initial charge of about o tons of 
matte and liy successive lilowing anil charging produces about 8 tons 
ridistca- c,>,^ier. Larger converters up to 12 feet in diameter take a 
olilrge of 10 tons of matte an.l deliver about 20 tons of blister cupper^ 
Uiiright converters are usually o,>erated with an acid lining, but. if 
linin. i. .be sUiccu. ove .o,- a flux -‘X 

n,r,a.s;l, tbe ..pen Luoull, of tl.e converter l>y meanx of a boat 

1 "'237 Horizontal Converter. This type of ronyerter 
r,;(;.rre.l to as the I'eirec-Sinilh) , tl.e one most commonly used 


a Shell 
b Hood 
c Silica bin 
d Tilting gear 
e Motor and speed reducer 
/ Rollers 
g Ait duct 


h Swivel joint 
•i Tuyere 
j Wind box 
Ic Bustle pipes 
I Magnesite lining 
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end of the steel shell are rings which, riding upon four rollers, carry 
the weight of the converter. At one end is a large gear and pinion, 
by means of which the converter can be tilted for inspection, charg¬ 
ing, and pouring. There is a rectangular windbox along the front 
supplying air (at 12 to 15 pounds per square inch) to the line of 
tuyere pipes. This air (140,000 to 160,000 cubic feet per ton of 
blister) is brought to the converter through a large main provided 
with a suitable stuffing box so that the convertor can be tilted while 
air is being supplied to it. Such a converter, 13 feet in diameter and 
30 feet long, may have 40 tuyeres each 1 % inches in diameter, spaced 
6/^ inches center to center. Such a conv'erter blowing a 40 per cent 
copper matte produces about 75 tons of blister copper as shown in 
the following tabulation. This blister copper contains 98 to 99.5 
per cent of copper. 


Peirce-Smith Converter 
(Blowing 40 Per Cent Copper Matte) 


Length of blow 
Blowing time 
Charging and skimming 


Flux, 60 Per Cent Silica 
//ours Minutes 
12 0 

8 30 

3 30 


Total matte used 
Total silica used 
Total other cold material used 
Total blister produced 
Total slag produced 


Tons 
144 
46 
40 
63 

109 (17 pots) 


Selective converting is sometimes carried out in order to form a 

om the white metal before the remainder is blown. This'^ initial 
blister wi l contain most of the gold, thus making the recovery oTtl i 
gold and the refining of the bulk of the copper somewhat eS tIis 

are pL^edlth": rri;rvLn“™ 

tluTtheZd " “P tw” 

exteLtlo^rTabk*^' eonverting operation varies between the 
n m 1 able 38. This material is usually returned, while 

Most plants hsve set a standanl thm„^ 
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still molten, to the reverberatory furnace or to the blast furnace 
settler for retreatment. 

238. Acid Linings. The acid lining must contain a large per¬ 
centage of free silica and must be mechanically strong. Since pure 
pulverized silica has no mechanical strength, it is usually necessary 
to add a small amount of day or other binder to give the requisite 
plasticity for molding and at the same time supply a small amount 
of base to sinter or flux it in place. It is advantageous whenever 
possible to use low-grade siliceous ores containing copper or precious 
metals because such ores cannot be marketed for their metal content 
alone but, when employed as a lining, give up these metals to the 
matte. An acid lining will be corroded rapidly by the charge and 
will not last more than six to nine heats or about 24 hours, after 
which the converter shell must be removed for relming. In convert¬ 
ing low-grade mattes (those very rich in iron), the lining is corrode 
rapidly and may last for only two or three blows. Still another ob¬ 
jection to the acid lining is the spalling or flaking of this material 

when subjected to violent temperature fluctuations. . 

239. Basic Linings. The frequent relming of acid converters led 
to experiments with neutral and basic materials with the result that 
the one almost universally used today is magnesite bnek. The con¬ 
verter is lined to a thickness varying from 28 inches at 
where the wear is greatest, to 9 inches in the upper part of the she . 
It has been found that by blowing the matte at a low temperature, 
or in tirpresence of little silica, a considerable quantity of magnet, 
iron oxide precipitates out and attaches itself to the lining. 

;enetrates Uie cracks between the bricks but a so forms^a pro¬ 
tective coating over them. As a matter o ac > ^ | ' indefinitely 

240. Basic versus Acid Lining. The chief advantages of the basic 
lining arc: 

1 A .locr-a,c,l c.rt „f lininR per unit ut copper produced (2 to 

3. Tht allmy to convert low-Bradc mnttoe without cxcoBsive lin- 
ing consumption. 

4. Less handling of the shells. 
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CHEMISTRY OF CONVERTING 
On the other hand there are certain disadvantages: 

1. The excessive punching of the tuyeres due to the formation of 
magnetic iron oxide about their mouths. 

2. The greater time required for lining and repairing. 

3. The excessive blowing out of fine siliceous ore during the charg¬ 
ing of the flux. 


On the whole, the advantages of basic converting far outweigh the 
disadvantages, and it is almost universally used in large plants today. 
For small plants, the acid converter is still, perhaps, the best. 

241. Chemistry of Converting. When air from the tuyeres enters 
the molten bath of matte (see Table 34), the ferrous sulfide is oxi¬ 
dized. The sulfur dioxide escapes from the mouth of the converter, 
and the ferrous oxide reacts with the silica of the charge or of the 

lining (if acid) to form a slag which floats on top of the remaining 
matte; 


2FeS + 3 O 2 2FeO + 2 SO 2 (56) 

FeO + Si 02 —> Fe 0 -Si 02 ( 57 ) 

The heat thus evolved (224.200 and 5900 calories, respectively) is 
sufficient to keep the bath molten. At the end of the “slagging 
period,” when all the sulfur associated with the iron has been oxi- 
dized, the “blister-forming period” starts during which the cuprous 
sulfide is oxidized to cuprous oxide and that in turn reduced to cop¬ 
per and sulfur dioxide by the remaining cuprous sulfide, thus: 

2 CU 2 S + 3 O 2 2 CU 2 O + 2 SO 2 (58) 

CU 2 S -h 2 CU 2 O 6 Cu + SO 2 ( 59 ) 

These reactions go on until practically all the sulfur has been elimi- 

na ed. Reaction 58 also furnishes considerable heat (188 900 cal- 

ones). In a large converter, for mechanical rea«,ns, it is Vinpl bL 
to convert the last of the matte. impossible 

nartTwn'"'® upon the amounts of arsenic and antimony present a 
08 ner C ^ oxidised and volatilized as the oxides, but below 

26*7r Tr* tenaciously held by the bath isee Article 

2^ The silver and gold are unaffected and mmain he^dt tt 

ntt“;:zTt"tuTw t r 

by reaction 60: ^ ^ mechanism is indicated 
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6FeS + 4 SO 2 ^ 2 Fe 304 + 682 (60) 

Some arsenic and antimony are also eliminated in the course of the 
blow, thus: 

2 AS 2 S 3 + 9 O 2 —> 2 AS 2 O 3 + 6 SO 2 (61) 

2Sb2S3 + 9 O 2 2 Sb 203 + 6 SO 2 (62) 

These reactions are strongly exothermic. The progress of these re¬ 
actions is regulated through control of the temperature and the nature 
of the slag (magnetic iron oxide begins to form with less than 25 per 
cent silica in the slag). Such control is necessary because this pro¬ 
tective lining is desirable from a cost standpoint in conserving the 
lining, but if carried too far the magnetite may obstruct the tuyeres 
and be a source of difficulty. Analyses of typical converter slags are 

given in Table 38. 

242. Operation of Basic Converting. To the hot converter is 
added about 20 tons of molten matte together with 5 tons of dry sili¬ 
ceous ore for fluxing purposes. The blast is turned on and the con¬ 

verter racked into position until the tuyeres are covered. A ter about 
30 minutes of blowing, considerable slag having accumulated, the 
converter is turned down to free the tuyeres, the blast shut off, and 
the slag poured, after which another ladle of matte, with a charge of 
siliceous ore, is added for another blow. This sequence of blowing 
to white metal (cuprous sulfide), skimming the slag, and adding 
matte is continued until 200 to 300 tons of matte have been converted 
into 60 to 120 tons of blister copper. This campaign may require, 
with low-grade matte, a full day of operation. If the converter gets 
too hot it may be cooled by charging scrap plant cleanmgs, ladle 
skulls, etc., or by tilting up the converter and allowing air to bl 
over the surface. If, on the other hand, the converter 
may be warmed by charging hot matte, high in iron. The Progres 
of the blow is judged entirely by the appearance of the fiance and t 
condition of the bath (tested by inserting an iron rod m it and 

amining the drippings from this rod). 

243 Products. From the converting operation we obtain blister 

coprci.^lat and flue dust. Analyses of these products are found m 

Tables 37 38 and 40. The blister copper contains notable am 

of impuriUes, and consequently “ous 

take nlace before it is suitable for use in industry and the 
metals are recovered. The slag is relatively rich in copper and mus 
be retreated. Ordinarily, while still in the molten condition, it is se 
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back to the reverberatory or blast furnace. The losses in the convert¬ 
ing operation run from 1 to 2 per cent of the copper and from 2 to 3 
per cent of the silver. These losses are due largely to the formation of 
flue dust and to the volatilization of the metal. The loss of gold is 

TABLE 37 


Analyses of Blister Copper 



Per Cent 

Ounces per 
Ton 

Cu 

As 

Sb 

Pb 

Ni 

Zn 

Fe 

S 

Ag 

Au 

Plant I 
Plant II 
Plant III 

98.4 
98.8 

99.5 

0.02 

0.10 

0.035 

0.178 

0.04 

0.015 

0.001 

0.15 

0.001 

0.005 

0.05 

0.04 

0.003 

0.12 

0.002 

0.13 

0.25 

0.03 

0.20 

0.17 

0.06 

111.9 

30.25 

2.50 

0.295 

0.31 

0.02 


TABLE 38 

Analyses op Copper-Converter Slags ♦ 



Per Cent 

Ounces per Ton 

Cu 

FeO 

Si02 

S 

Ag 

Au 

McGill, basic 

Douglas, basic 

1.5 

2.37 

45.6 

51.3 

29.2 

18.3 

0.7 

2.5 

2.5 

0.48 

1.0 

0.016 


*n} 4 n 4JJ lYicuravj-mu Hook Co.) 

0/Copper (Hofman-Hayward). 

very small. In recent years methods have been devolonpA t 

™»"™i- 

furnishes considerable heat SompC ^ oxidized 

gangue, approximating a matte 
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a chemical composition, and if these concentrates can be added 
lowly, in small amounts, it is possible to smelt them in the converter. 
The excess heat from the oxidation of the matte is sufficient to evapo- 
ate the moisture, raise the temperature of the concentrates, and ignite 
hem, after which their own heat of oxidation is sufficient to keep the 
■eaction going. Although it is theoretically possible, the practice is 
mt common because such concentrates are rare and the routine of 

“conventional blowing is disturbed. 

Selective converting is a method of blowing the white metal to 
form a small amount of blister copper, which is then separated from 
:he white metal before the remainder is blown. This first fraction 
of the blister thus formed will contain most of the gold and results 
in a somewhat smaller cost of recovery of the precious metals.^ It is 
significant that this method has not been used in recent years in this 
country, very likely because the greater cost of manipulating the 
blister more than offsets any saving in refining. 


246. Problem. A charge of 25 metric tons of 48 per cent copper matte 
was blown to blister copper in an acid-lined converter. The flux available 
contained 8 per cent copper, 16 iron, 8 sulfur, and 60 per cent SiOa, pr^ 
ducing a slag containing 28 per cent SiO^, 63 FeO, and 4 per cent CuO_ After 
the first slag was poured, an additional charge of matte equal to the Feb oxi¬ 
dized in the first charge was added. Assume that all iron m the charge, no 
present as chalcopyrite, is present as Fe.Os. The 

Lntains 98 per cent copper and 0.5 per cent sulfur. Air is supplied at the 
rate of 125 cubic meters per minute. 

Required: 

1. The total weight in kilograms of flux used and of slag made. 

2. The weight in kilograms of blister copper formed. 

3. The number of cubic meters of blast used. • /ln tu. 

4 The time in minutes occupied by; (a) the first slagging perio , 

■ second slagging period; (c) the blister-forming period. 


Solution: 


(1) 


Charge 25,000 kilograms. 

48 per cent Cu = 48 X xl? 


= 60 per cent CuzS = 15,000 kilograms 
= 40 per cent FeS = 10,000 kilograms 


The equations involved are; 


2FeS -b 302 ->■ 2FeO -b 2 SO 2 

2 CU 2 S -b 3 O 2 2 CU 2 O + 2 SO 2 Oi 2Cu -b SO 2 

2 CU 2 O -b CU 2 S —♦ 6Cu -b SO 2 



PROBLEM 


IS 


FeO available for first slag = 10,000 X ffs- = 8100 kilograms 
10,000 kilograms of matte contains 6000 kilograms of CU 2 S 

4000 kilograms of FeS 

FeO available for second slag = 4000 X ttI = 3240 kilograms 
Total FeO to be fluxed = 8100 + 3240 = 11,340 kilograms 
16 per cent Fe in flux c= 16 X ^ = 20.6 per cent FeO 
20.6 per cent FeO requires 20.6 X H = 9.2 per cent Si02 
AvaUabl'e Si02 in flux = 60 - 9.2 = 50.8 per cent 
Si02 required for FeO in matte = 11,340 X H = 5050 kilograms 
j 5050 

Flux required = = 9990 kilograms 

Q, , 9990 X 0.60 

Slag made -= 21,200 kilograms 


(2) Total Cu = 25,000 X 0.48 = 12,000 

10,000 X 0.48 = 4300 

9,900 X 0.08 = 790 


^ 17,590 

Less Cu in slag = 21,200 X 0.04 X = 680 


16,910 

Blister copper = = 17,250 kilograms 

5300 cubic meters 


835 

2940 


(3) O 2 required for FeS in matte = x 3 X 22.4 = 

176 

2 CuFeS 2 + 6 O 2 = 2CuO + 2FeO + 4 SO 2 
8 per cent Cu = 8 X ^ = 23 per cent CuFeS 2 
9990 X 0.23 = 2290 kilograms of CuFeS 2 
O 2 required for CuFeSj = x 6 X 22.4 

O 2 required for CU 2 S = y 22 4 

160 


Blast required - = 43,200 cubic meters ■ 




(V 


125 cubic metem of air = 125 X 0.21 - 26.2 cubic metem of 0, 
Hux for first slag > = 7060 kUograma 


for second slag - 

i52Xxr::irrets°an‘s “ (••»»* 

in file molten copper. * would be dissolved 
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O 2 for CuFeSa - X 6 X 22.4 = 595 

368 


O 2 for FeS = X 3 X 22.4 


= 3820 


Length of first slagging period = -jr— = 167 minutes 
O 2 for CuFeSa = ^ X 6 X 22.4 = 239 

oDo 

O 2 for FeS = X 3 X 22.4 = 1530 


Length of second slagging period = minutes 

O 2 for CU 2 S = X 22.4 - 2940 

. 2940 

Length of bhster-forming period = = 112 minutes 


TREATMENT OF FLUE DUST 

Metallurgical Smokes and Gases 
246. General. In the early days of smelting, little attention was 
paid to the treatment of smokes and gases from metallurgical plants. 
Usually the plants were situated in isolated districts, where only the 
smelter and its employees were concerned, and even if it was in an 
industrial community the importance of the problem of atmospheric 
pollution had not been recognized or, better, solved by the law 
makers. Furthermore, the lower cost of labor and raw materials did 
not warrant the recovery of the solids or gases at that time. Condi¬ 
tions have changed since, and today one of the major difficulties en¬ 
countered in smelting operations, when an increasing proportion of 
our metalliferous materials are in the form of finely divided con¬ 
centrates, is the recovery and treatment of smokes and gases. 

The tonnages involved are surprisingly large. A modern rever¬ 
beratory furnace, for example, may smelt as much as 2100 tons of 
charge per day and in doing so burn 240 tons of coal. The furnace 
would produce about 90,000,000 cubic feet of gas per day and carry 
with it about 180 tons of solids. Incidentally, the heat m the waste 
gases would represent the equivalent of 120 tons of coal, a part 0 
which must be recovered in waste heat boilers. The gas will contain 
large amounts of sulfur dioxide (which can be converted into sulfuric 
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acid) ^ as well as compounds of arsenic, antimony, or selenium. Many 
of these are harmful to vegetation and may be harmful to human 
beings living in the vicinity. 

Many smelter law suits and litigations in the past have had a basis 
in fact. The writer recalls visiting a large smelter several years ago. 
At that time not a green leaf or spear of grass existed within several 
miles of the plant. On the other hand, it does appear questionable 
whether the smelter in Trail, British Columbia,^ causes serious dam¬ 
age to the fruit crop one hundred miles south in the United States. 
In view of the fact that the terms waste gas, flue gas, smoke, and dust 
have been used very loosely in the industry, these topics will be con¬ 
sidered in some detail because they have a bearing on the method of 
treatment. Incidentally, the following factors determine the method 
to be used in treating a gas or smoke: (1) the temperature of the 
smoke, (2) the sensible heat content; (3) the amount produced per 

(iay; (4) the nature of the gas; (5) the nature and amount of the 
suspended matter. 

Micron equivalents are shown in Table 39 to correlate mesh with 
actual size of particles. 

TABLE 39 


Micron Equivalents 


1 micron 
1 micron 
5 microns 
10 microns 
20 microns 
30 microns 
45 microns 
62 microns 


0.001 millimeter 
0.00004 inch 
2500 mesh 
1250 mesh 
625 mesh 
400 mesh 
300 mesh 
200 mesh 


Composition of Smokes 

247. Gases. Of the gases commonly found in metallurgical smokes 
nitrogen, carbon dioxide, carbon monoxide, water vapor oxygen 

ve^ta«r Thevtr‘'” the last two are^armfuf to 

to^ddTaluabt^^^^^^^^^^^^^ he made 

nitrotnTwTto ?7 ner‘’“'t ““^Werably although 

nitrogen, at 73 to 77 per cent, will obviously be present in the largest 

»ith produced from these flue gases by reduction. 

"Such claim, are now being settled in the International Court. 
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imount. The proportion of carbon dioxide and monoxide will depend 
jpon combustion conditions within the furnace, water vapor upon the 
diaracter of the charge and of the fuel used, and sulfur dioxide and 
trioxide upon the degree of elimination of sulfur from the charge. 
Those from a copper reverberatory furnace engaged in matte smelting 
will fall within the limits: nitrogen, 72 to 76 per cent; sulfur di¬ 
oxide, 1 to 2 per cent; carbon dioxide, 10 to 17 per cent; carbon 
monoxide, 0 to 0.2 per cent; oxygen, 0.5 to 6 per cent; w'ater vapor, 
4 to 10 per cent. 

248. Dust. The amount of dust (dust includes anything in the 
charge fine enough to be carried away with the gas) will depend on 
variables such as the fineness of the charge, the degree of agitation 
in charging and working, and specific gravity. In chemical composi¬ 
tion it will also depend upon the type of material being treated, but 
in general it will consist of both original and decomposed, or partially 
decomposed, particles of ore, flux, furnace lining, and fuel. That it is 
worth recovering is evident from the fact that the range when treat¬ 
ing a copper ore may run from 7 per cent copper in roaster dusts to 
as much as 25 per cent in reverberatory or even 45 per cent copper 
in converter dusts, as shown in Table 40. 

TABLE 40 


Analyses of Flue Dusts 



Per Cent 

Ounces 
per Ton 


Cu 

S 

Si 02 

FeO 

CaO 

AI 2 O 3 

Pb 

Ag 

Au 

Garfield, roast¬ 
ers 

7.8 

6.6 

25.8 

11.0 

6.4 

— 

6.1 

6.7 

0.10 

Miami, rever- 
beratoric.s 

17.1 

8.0 

17.6 

12.8 

1.2 

7.8 

— 

1.5 

0.02 

Douglas, blast 
furnaces 

7.5 

13.5 

20.0 

35.2 

2.5 

7.8 

— 

2.4 

0.02 

Garfield, con¬ 
verters 

32.1 

12.0 

6.3 

6.7 

0.3 

— 

20.3 

25.1 

0.19 

Anaconda, all 
departments 

6.8 

6.3 

23.6 

10.1 

2.4 

8.0 

— 

6.8 

0.02 
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249. Fume. Fume is that part of the solid material in a smoke 
that has been volatilized or sublimed and subsequently condensed 
when the gases are cooled in the flue system. The principal constitu¬ 
ent will be oxides of arsenic, antimony, lead and zinc, water, sulfuric 
acid, and sulfates. Depending upon the amount of free acid present 
a smoke is neutral or basic. Ordinarily the fume must be recovered 
by special apparatus, but when recovered it is mixed with the dust 

for retreatment and the mixture is known as flue dust, irrespective of 
its origin. 


Apparatus 


250. Flue Dust Chambers. The first, and for that matter the 
only, method used for recovering flue dust up to about 1912 was to 



c Plates 
d Brickwalls 


e Expansion joint 
/ Shaker frames 
g Concrete floor 
h Air pipes 


Fio. 27. Flue Dust Chambers. 



rJmXut -ocHy and 

system at the AnacLa Ser Pr, a flue dust 

it is shown in Figure 27 Z/ ^ '"S' P'^-'ts; 

feet deep) bring ^1, from the!!“ 5™“^ ^ 

to a main flue, which is built im tv. departments of the smelter 

Hopper bottom bba are builUnt T * 

flue dust that may settle, although mosTof iTdrl° coarsest 

in the main flue. The stack at tbsa + r ^ similar bins 

in the world, being 585 feet high T^fee^t il^d’^'” + 

nign, 7b feet in diameter at the base and 
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60 feet at the top, and having a capacity of 4,000,000 cubic feet of gas 
per minute. The top half of the main flue is double so that gases 
may be diverted from one while the hoppers are being cleaned. This 
part of the main flue is 177 feet wide. The total flue dust recovered 
at the Anaconda plant is about 300 tons per 24 hours, about 40 per 
cent of this being deposited in the flue dust chambers, the remainder 
in the Cottrell treater. 

251. Cottrell Treaters. The velocity of the gas in large flue dust 
chambers ranges from 5 to as much as 50 feet per second. With these 


(fc) 0 


a Collecting electrode 
h Discharge electrode 
c Gas inlet 
d Gas outlet 
e Lower header 
f Upper header 
g Rectifier 
h Transformer 
i Low-tension lines 
j High-tension lines 
k High-tension 
rectified current 
m Weight 
n Hopper 





Fia. 28. Cottrell Treater Unit. 


considerable velocities, only the coarsest particles settle out although 
some of the finer ones may be attracted to plates, wires, or chains 
suspended in the flue chamber. The Cottrell system of electrostatic 
precipitation, developed for the removal of this fine fume, is based 
upon the principle that a solid particle in an electric field may be 
made to assume an electric charge and be attracted to an opposite^ 
charged surface. The precipitated fume builds up as a layer on the 
inside surface of the pipe and when of sufficient thickness may e 
dislodged at intervals by mechanical hammers. This dislodged 
material is collected in hoppers below the treater, from which it can 
be removed mechanically and returned to the main system for retreat¬ 
ment. Usually it is briquetted or sintered and returned to the rever- 
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beratory furnaces as a part of the charge. Cottrell treaters consist 
of large rooms through which the gas may be passed and in which 
are suspended a number of vertical plates, chains, pipes, or wires. 
The most common type used in smelters is the pipe type shown in 
Figure 28. A difference of potential of about 75,000 volts is main¬ 
tained between the chains and the neighboring plates or between the 
wires and the encircling pipes. The negative electrode, in order to 
increase the ionizing effect, usually has a small cross-sectional area 
(being a chain or wire). A positive electrode must have a relatively 
large area exposed (plate or the inner surface of a pipe). The elec¬ 
tric current is carried through the gas by the ionized gas molecules, 
and it is from these ions that the solid particles of fume receive their 
charges. ^ The flue gases from a smelter usually contain enough free 
sulfur dioxide and trioxide (acid smokes) to be treated directly in 
the Cottrell apparatus. Flue gases containing large amounts of com¬ 
pounds of arsenic, antimony, bismuth, etc., are termed “non-conduct- 
mg,” or "basic,” smokes and must first be made conducting by having 
mixed with them water vapor or some conducting smoke. The term 
conducting refers to the properties of the deposit formed on the posi¬ 
tive electrode because, if the deposit is non-conducting, it insulates 
the electrode and seriously interferes with the functioning of the 
apparatus. Smoke may be humidified by passing it through a spray 
chamber, where it picks up some water vapor. The Cottrell treater 
removes the finest fume from flue gases. Its use, since it was de¬ 
veloped at the Selby smelter by Dr. Cottrell, has been extended into 
many industries. 

h: covered 

n be treated in a number of ways, as indicated below: 

1. Returned to the blast or reverberatory furnaces. 

2. Nodulised and made a part of subsequent charges. 

3. Sintered and resmelted, or briquetted and resmelted. 

The flret is frequent practice at small plants. If this flue dust is 
dampened, some of it is carried down into the furnace and smeltd 

Xre “ The nodT ^ into the atmos- 
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that the addition of a small amount of coke furnishes, on ignition, 
enough heat to bring the mass to incipient fusion and to sinter or 
consolidate it. This operation may be carried on in any of the con¬ 
ventional types of sintering machines, or even in the dust chamber 
itself, and produces a product suitable for blast furnace or rever¬ 
beratory treatment. 

Briquetting, although a more complicated and expensive method, is 
probably the best for treating this type of material. The raw flue 
dust is mixed with some binder such as lime, clay, gypsum, cement, 
sodium silicate, wood tar, coal tar, or pitch, and then is formed in a 
press into bricks of square or oval cross section. They are not un¬ 
like ore and, when charged back into the furnace, make very little 
additional flue dust. Unless a plant is large enough to make a con¬ 
siderable tonnage of flue dust, such an elaborate arrangement is ordi¬ 
narily not worth while. 

253, Waste Heat Recovery. In non-ferrous smelters there is 
seldom any effort made to recover the gas as a fuel; unlike iron blast 
furnace or electric furnace gases, the carbon monoxide content is 


usually less than 1 per cent. The sensible heat content of these gases, 
however, is very great; roaster gases leave the furnace at 500° to 
1000 °C, reverberatory gases at 1000° to 1200°C. This heat may 
be recovered by using it to preheat the entering air or more frequently 
to raise steam in a boiler. These waste heat boilers (see Figure 21) 


are usually of the vertical water tube type with either one boiler, or 
better two, in parallel or in tandem to a furnace. With two it is 
possible, at a slight sacrifice in efficiency and load, to shut down one 
for repairs and cleaning. Such interruptions come more frequently 
than in ordinary practice because of the deposition of dust and 
fume on the tubes. Gases are discharged at temperatures of 400° to 
450°C, the boiler absorbing 25 to 45 per cent of the heat in the fuel. 
Attempts have been made to utilize the heat in waste gas to preheat 
the cold air for combustion or roasting, but on the whole such econo¬ 


mizers or recuperators have not been successful. 


REFINING OF BLISTER COPPER 
264. Refining Methods. iCopper produced by conventional smelt¬ 
ing methods is usually too impure to be used directly in industry. 
Crude copper may be classified as blister copper produced from matte 
or black copper produced in the smelting of oxidized ores or native 
copper ores. As shown in Table 37, crude copper will contain, be- 
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sides silver and gold, notable amounts of impurities such as arsenic, 
antimony, bismuth, and iron. They will vary tremendously in 
amount, depending^upon the,character,of the, ore from which they 
were induced. For example, Noranda copper may contain as much 
as 3 ounces of gold per ton (1106.50) as against 0.05 ounce ($1.75) 
m that from Tennessee. 

There are two methods of refining copper, one by fire, the other by 
electrolysis. In general, electrolytic refining will be used only when 
the amount of precious metals or the character of the impurities 
present warrants this more expensive method. Practically all Ameri¬ 
can crudes fall into the latter of these two groups; furthermore, the 
methods are closely connected. The common sequence of operations 
are (1) fire refining to produce purer and more homogeneous anodes, 
(2) electrolytic refining to recover the precious metals and remove 
the impurities, and (3) a second fire refining to adjust the physical 
properties of the electrolytic copper. 

'Jf,' Wiater cop¬ 

per carr 2 ed out m a reverberatory furnace, such as is shown in 











Fig. 29. Copper Refining Furnace 


® Hearth (silica sand) 
0 Firing end 
c Flue 

d Charging doors 
e Observation doors 


Figure 29, with a capacity of about 250 in-no f 

the weight of metal contained thl 1^10 f 

than the reverberatory furnaces used in th ^ 

side walls are construLd of sUica brl T 

inches, although there is an ; ^ ^ ^ ^ thickness of 12 to 18 

brick up to a point above the^m magnesite 

for the roof. This roof is usuallv 15 then use silica brick 

though attempts have been made^t thickness, al- 

roof with chrL or fire 7^^,77? i 

On the whole, the hearths of fur- 
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naces treating relatively pure materials are generally constructed 
of siliceous material, and the magnesite brick is reserved for copper 
containing considerable amounts of impurities such as arsenic or 
antimony. If the hearth is siliceous, it is generally made up by 
sintering high-grade silica sand into place until a monolithic hearth 
has been formed. Because of the high temperatures involved in the 
fire-refining process, the hearth and walls are cooled, sometimes by 
air, more often by having cooling pipes built into the refractory 
material. The fuel used may be either pulverized coal, fuel oil, or 
producer gas. The fuel consumption with pulverized coal is about 
250 to 350 pounds per ton of copper, with fuel oil, about 25 gallons 
per ton. The gases from the fire-refining furnace escape at a tem¬ 
perature of about 1200°C; consequently, it is sometimes worth while 
to conserve a part of this heat with waste heat boilers. 

256. Operation of Fire Refining. Crude copper usually reaches 
the refinery in the form of ingots or cathodes. They may be 
charged into the furnace by hand with a long paddle or “peel,” but 
usually a charging machine is used. The bulk of the solid charge 
makes it necessary to charge several times before the furnace is 
full of molten metal. If liquid blister is being treated, it may be 


run into the furnace through a spout or launder. ^ 

When the entire contents is molten, the next step is oxidation, 
called oxidizing or “flapping.” In the first operation, more common 
today, the air is blown through pipes inserted through the doors 
of the furnace. The second method consists of striking or “flapping 
the surface with a rabble blade in order to cause a wave or ripple 
to travel across the surface, thus breaking up the film of dross and 
exposing molten copper to the air. In either case the impurities are 
oxidized, to escape with the flue gases, or enter the dross or slag. 
Incidentally the melting down of the copper takes considerable time 
during which a relatively large surface is exposed to the air and 
much oxidation of the impurities takes place at that time ih 
naturally cuts down the time required for the flapping or Wowing^ 
Slag is skimmed off continuously during oxidation until no mor 
slag forms and the bath is covered with a clean, molten layer 
cuprous oxide. The end of the “fining” or oxidation ^e de e - 
mined by breaking a sampl^the fracture showing ^ J 

brick-red coarsely crystalline, lusterless, and brittle. Th s meta, 
n : slrated with oxygen, is termed “set” copper and will contam 
6 to 10 per cent of cuprous oxide (0.60 to 0.90 per cent oxygen), 
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depending upon the temperature of the molten metal. It is now 
ready for the next step—"poling.” 

Poling, the reduction of the cuprous oxide content to the proper 
point, is accomplished by thrusting poles of green wood into the 
bath. The heat of the bath causes destructive distillation of the 
wood, evolving hydrogen, hydrocarbons, carbon monoxide, and water 
vapior. Some of these evolved gases serve to reduce the cuprous 
oxide to copper and all of them, in their evolution, serve to agitate 
the bath and speed up the reactions involved. As reduction pro¬ 
ceeds, frequent samples are taken to determine its degree When 
the desired stage has been reached the fracture shows a metallic 
luster, rose color, a silky appearance with finely radiating crystals 
Such copper is called "tough pitch” (because, within its composi- 
tional limits, the metal is m the highest degree malleable and duc- 
1 e). he poles referred to are green tree trunks 6 to 10 inches in 
diameter, six to eight such poles being used in deoxidizing 100 tons 
of copper Frequently, when the desired stage of reduction has 
n reached, the surface of the copper is covered with a layer of 
charcoal to maintain the metal at the desired composition until it 
can be removed. Tough piteh copper is not compiLly deoxidised 

orideT P®'' '“prous 

carried too tr ’"Th t '^““'•‘‘tion has been 

arriecl too far. The theoretical explanations to account for thp 

properties of tough pitch copper are inadequate. The most reason 

fmpurifcs stTllhas to do with the small amounts of 

I '“PP“' The analysis 

Lounts of hese f ^ 7 C such metal does contain notable 
electrolv • f mpurities because it is necessary to carry on 
merciel^ uv’’* oPTent densities as possible, and under ram- 
tion of the” ' "ir * is unavoidable. The func- 

of the e i ““y he to neutralize the Sect 

able quai:rShr"oR\”C^^^^^ “PP- ‘he des.r- 

still purer than "tough pitch.” ^ commercial grade 

warrant” itttr,;‘te tT T ‘o 
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MECHANISM OF ELECTROLYSIS 

When the arsenic has been removed the oxygen content of the 
bath will be something less than 1 per cent. This oxygen is re¬ 
moved by poling according to the following reactions; 

2 CU 2 O + C -> 4Cu -f CO 2 (72) 

CU 2 O + CO ^ 2Cu + CO 2 (73) 

The use of soda imposes operating difficulties because no common 
refractory will withstand long the action of the soda slag. 

•258. Oxygen-Free Copper.^ In recently developed methods car¬ 
bon, barium, and calcium are used to deoxidize more thoroughly 
tough-pitch copper, which, with a new casting technique (vertical 
water-cooled molds), yields a metal that has more attractive physi- 

cal properties and is much more nearly homogeneous, as indicated 
in the following table. 


± disiie oirengtn, 


Pounds 
per Square Inch 
17,000-25,000 
22,000-24,800 


Elongation in 
2 Inches 
10-37 per cent 
47-55 per cent 


Reduction in 
Area 

8-40 per cent 
60-80 per cent 


Tough-pitch copper 
Oxygen-free copper 

- — viu-ou per cent 

The density of tough-pitch copper varies from 8.30 to 8 75- that 

of a larger gram sme and possesses a higher impact strength than 

Xte samt' ‘^P- ^ “PP-‘- 

269. Coalesced Cathode Copper. Another form of oxygen-free 
ower compressing small particles of cathode 

tuTand “quettes, at room tempera- 

9 ? 0 -C Th?h"t‘d K atmosphere at 870 to 

electrolytic refining 
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considered as the direction of the flow of current. In certain cells 
(nickel and white lead, for example) it is necessary to separate the 
cathode from the anode by diaphragms. In such cells the solution 


Electrons 


Anode I Zn S Cu I Cathode 


I ' 


Cu 

•fO.3448 


Primary cell 

Zn->-Zn* + 2e CQ*+2e->Cu 


Oxidation, 0 to 2 


Reduction, 2 to 0 


Polarizatloo 


Cathode Cu Anode Cu 


Electrons 


c,—Dilute solution 
cg—Concentrated solution 


C 11 SO 4 I 

Electrolytic cel! 

Cr?^+2e=Ca Cu-*-Ctf'’^2B 

Reduction, 2 too Oxidation. 0 to 2 

Fio. 30. Electrolytic Cells. 

surrounding the anode is termed the anolyte, that surrounding the 

rhode Jcatholyte. Even in the simple cell such 

times used in referring to solution films close to the respect 

trodes. 
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Electrolysis may be carried out with either insoluble or soluble 
anodes. The former method is exemplified in the recovery or elec¬ 
trowinning of copper from solutions obtained from the leaching of 
ores; the second type by the electrolytic refining of a metal such as 
copper, silver, or gold. Using the symbol e as a single electron, we 
may write for the reaction at a cathode 

Cu++ + 2(e) Cu (74) 

With an insoluble anode, the reaction is 

2 SO 4 — + 2 H 2 O - 4(c) 2 H 2 SO 4 + O 2 (75) 

making the reaction for the cell 


2 CUSO 4 + 2 H 2 O 2Cu + O 2 + 2 H 2 SO 4 (76) 

Using a soluble anode, we find that the cathodic reaction is the same 
as above, but the anodic reaction is 

Cu''"'*' -f 2 (c) (reverse of reaction 74 ) ( 77 ) 

Consequently, there is simply a transfer of copper, and no decom¬ 
position of the electrolyte. 

In generalizing from the above, we may say: 

1. There are two separate and equivalent chemical reactions tak¬ 
ing place, one involving reduction at the cathode, the other in¬ 
volving oxidation at the anode. 

2. The two reactions must be chemically equivalent, that is the 
c ange in the cathode must involve the transfer of the same 
number of electrons as does the change at the anode. 

• As a corollary of 1 and 2, we may state that the net reaction 
may result m a change m the composition of the electrolyte or 

JroJr “ ■>» 

4. As contrasted to the flow of electrons through a wire there is 
no current passing through the electrolyte in that sense for th^ 
motion of the ions is entirely due to dVffusior ' 

5. One gram equivalent of material is chemically altered at the 

anode and at the cathode for everv Qfi «?nn ^ 1 [ ^ ^ 

through the eledirolytic cell ’ 

vauometer with a source “t ^ 
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be found that a current flows through the cell at first with the evo¬ 
lution of oxygen at the anode and hydrogen at the cathode. If 
the solution is not disturbed, it will be found that the current, flow¬ 
ing at first, will decrease with time and finally become zero. If 
the source of potential is removed and the circuit completed 
through the wire, it will be found that the galvanometer Avill be 
deflected in the opposite direction. At the instant the source of 
potential is removed, the difference will be found to be 1.70 volts. 
This i)hen()mcnon is known as polarization and the electrodes are 
said to be polarized. 

In the case described, the polarization is brought about by gases 
collecting at the surfaces of the electrodes. These are not set free 
as soon as they arc formed by reason of adsorption at the surfaces 
as well as the slowness of bubble formation. The two electrodes 
then act as gas electrodes and develop an electromotive force oppos¬ 
ing that of the generator, as indicated in Figure 30. As the gases 
accumulate, the countcrelectromotivc force becomes greater until 
finally it is suflicient to balance the flow of current from the gen¬ 
erator and the cell becomes inoperative. It is evident also that an 
electromotive force of 1.70 volts is required to electrolyze sulfuric 
acirl, with smooth platinum electrodes being used. 

If platinizerl platinum electrodes arc used, the electromotive force 
will be 1.23 volts (the theoretical value of the hydrogen-oxygen gas 
cell). This value probably eorrcsi)onds to the work necessary to 
liberate ions at the electrode. The difference between 1.23 and 1.70, 
after deducting the electromotive force necessary to overcome the 
ohmic resistance of the circuit, represents the force necessary to 
form and liberate the gas, that is, overcome the polarization or 


overvoltage. . , . i i i • • 

Another type of polarization often encountered in electrolysis is 

concentration polarization. Voltaic cells arc formed when electrodes 
of the same metal dip into solutions containing ions of the metal at 
different concemtrations, as shown below. The dotted arrow m fig¬ 
ure 30 indicates the direction of the polarizing current. In such a 
cell the difference of potential between two such solutions is given 


by the expression 

E 


RT. ra 
— In — 
ZF Cl 


0.068 

Z 



where E ■ oloctromotivo force developed, 
R gas constant, 
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T = absolute temperature, 

Z = valence of the ion involved, 

F = the faraday (96,494 coulombs), 

C 2 = concentration of concentrated solution, 

Cl = concentration of dilute solution. 

It is obvious then that the polarizatitm or back electromotive 
force for a tenfold difference in concentration for a uni\’alent ion 
would be 0.058 volt. In certain commercial operations, the refining 
of copper, for example, when current densities as high as jiossihle 
are being used, it is not unusual to have such difference. Under 
these conditions copper is taken out of solution at the cathode faster 
than it is dissolved at the anode. Unless precautions, such as stir¬ 
ring or high temperature are taken to speed up diffusion, the loss 
of energy may be considerable. 

262. Decomposition Voltage. This may be defined as the small¬ 
est applied electromotive force that must be applied in order to 



a—Decomposition 
voltage 

Fig. 31. Conductivity Cunes. 


bring about the separation of such constituents at the electrodes 
that a continuous current flows through the solution. In determin¬ 
ing this voltage experimentally,1 we obtain a set of values shown 
in Figure 31. That is, as the voltage is gradually increased (below 
a voltage corresponding to the decomposition potential), there is 
but a slight increase in the current passing through the cell. At 
the decomposition voltage the current increases very suddenly with 
a slight increase in potential, then beyond this point the increase 
in currerit is proportional to the increase in voltage. If the resist- 
ance of the electrolyte could be made negligible and if there we"no 

Gibbe-HehnheU 

CuS04(ag) + HzOfZ) -> Cu(c) + H2S04(ag) -|- IO2; AH = 4-53,200 cal. 
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polarization, the decomposition voltage for a normal solution would 
be the sum of the cation and anion electrode potentials. The de¬ 
composition voltage will vary for a given salt with the concentra¬ 
tion value of the electrodes and temperature of the electrolyte. The 
decomposition voltages of some common salts are given in Table 41. 


TABLE 41 


Decomposition Voltages 
(Aqueous solution, platinum electrodes) 


Decomposition 
Electrolyte V oltage 


Cadmium sulfate 
Copper sulfate 
Hydrochloric acid 
Nickel sulfate 
Nitric acid 
Silver nitrate 
Silver sulfate 
Sodium hydroxide 
Sulfuric acid 
Zinc sulfate 


2.03 

1.49 

1.31 

2.09 

1.69 

0.70 

0.80 

1.69 

1.67 

2.55 


263. Overvoltage. The decomposition voltage of an electro y 
varies with the nature of the electrodes used in 

higher voltage is required to decompose sulfuric acid between a plati¬ 
num anode and a lead cathode than between two 
trodes This can be attributed to the extra work required to liber 
ate hydrogen from a lead surface. The difference between the de- 
composition voltage and the equilibrium value for 
question is called the overvoltage of ‘he 'lectrode 
for the common metals are given m Table 42. It should be noted 


TABLE 42 


Overvoltages 
(KOH solution at 25 °C) 


Metal 

Graphite 

Gold 

Copper 

Silver 

Platinum, smooth 
Platinum, platinized 
Nickel, smooth 
Zinc 


Hydrogen 
0.98 volt 
0.59 volt 
0.80 volt 
0.88 volt 
0.29 volt 
0.04 volt 
1.05 volt 
1.06 volt 


Oxygen 
0.896 volt 
0.963 volt 
0.580 volt 
0.729 volt 
0.85 volt 
0.621 volt 
0.519 volt 
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that the hydrogen overvoltage is different from the overvoltage for 
oxygen and for chlorine. The overvoltage, other conditions being 
the same, will increase as the current density on the electrode 
increases. 

264. Current Efficiency. Faraday’s law of electrolysis states 
that the quantities of substances set free at the electrodes are di¬ 
rectly proportional to the quantity of electricity which passes 
through the solution. It may so happen that some current passing 
is not used in carrying out deposition of the valuable metal. The 
current efficiency may be defined as the ratio between the amount 
of metal actually deposited and that called for by Faraday’s law. 
For example, if in an electrolytic tank 26.5 pounds of copper are de¬ 
posited in a certain time, the current efficiency is 

26.5 

X 100 = 93.2 per cent 

where 28.4 is the amount which should theoretically be deposited. 

265. Current Density. One of the important factors influencing 
the nature of an electrolytic deposit is current density, which may 
be defined as the intensity of the current at the surface of an elec¬ 
trode, and is usually expressed in amperes per square foot of elec¬ 
trode surface. We can, therefore, speak of cathodic current density 
or anodic current density, depending upon the electrode under dis- 
cussion. In general, low-current densities produce fine-grained and 
adherent deposits, high-current densities produce coarse-grained 
non-adherent, and porous deposits. With very high-current densi¬ 
ties and under certain special conditions, metallic powders can be 


ELECTROLYTIC REFINING OF COPPER 
* 266. General. For most industrial uses, especially in the trans- 

mission snd utUization of electrical ener^, a very pure 11 of 

nomtffi- 

they cannot be recovered 

ner nldul P®'’ of the cop- 

l^r produced in tins country is refined by the electrolytic method 

This IS earned out by suspending a series of anodes and cathofe 

from acidulated copper sulfate. The anodes are cast 

m blister copper; the cathodes are “starting sheets” of nnrp n 
eapeciaUy produced for this step in the procr'MeTnZni: 
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of the passing current, the copper migrates from the anode to the 
cathode and is deposited there as electrolytic copper of a very high 
degree of purity. The contained impurities, such as arsenic, anti¬ 
mony, and selenium, and the precious metals will be either deposited 
in the bottom of the tank as a slime or sludge or dissolved in the 


electrolyte. t + 1 , 

'There are two different systems of electrolytic refining. In the 

first, the multiple system, the anodes and cathodes are connected in 
multiple between two heavy bus bars which run along the sides of 
the electrolytic tank. In the second, the series system, the electrodes 
are connected in series and only the two end electrodes with the mam 
bus bar or power line; the remainder are intermediate ones. In this 
refining eight major impurities must be removed, namely, go , 
silver, selenium, tellurium, arsenic, antimony, lead, and nickel. _ 
267. The Multiple System. In the multiple system which is 
illustrated in Figure 32, the tanks are of wood about 11 feet long. 
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Fia. 32. Simple Multiple Connection. 

31 /, feet wide, SYz feet deep, and lined with hard lead. Each con- 

« At one refinery the composition is maintained at. 

__i. "Ri — O.f 


Cu—99.26 per cent 
0*—0.1 percent 
As— 0.06 per cent 
Sb— 0.02 per cent 
Ni— 0.06 per cent 
Pb— 0.06 per cent 
Fe— 0.06 per cent 


Bi — 0.003 per cent 
gi — 0.004 per cent 
Se — 0.06 per cent 
Te— 0.04 
Au— 0.4 
Ag— 80 


per cent 
oz per ton 
oz per ton 
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posited in a special set of “stripping tanks,” where there are greased 
copper blanks to facilitate stripping, and under electrolytic condi¬ 
tions to insure purity and a strong, dense deposit. The starting 
sheet is suspended by clips from a copper rod about 1 inch in diam¬ 
eter, which is flattened at the ends in order to make a good electrical 



Anodes 



Cathodes 


Fig. 33. Electrode Shapes. 

connection with the bus bars of the tank. Twenty-five to thirty-one 
days are required to corrode an anode, during which period two or 
three cathodes are removed. Various electrode shapes are shown 
in Figure 33, a common tank and electrode arrangement in Figures 
34, 35, and 36, and the log of a tank house in Table 43. Many 

TABLE 43 


Log of Tank House * 
(One Tank) 


Total weight of anodes 
Total weight of scrap 
Total weight corroded 
Time of electrolysis 
Weight of deposited copper 
Average current 
Current efficiency 
Weight of slime 
Slime per ton 


14,065 lb 
1,678 lb 
12,387 lb 

31 days, 17 hr, 55 min 
11,837 lb 
6,700 amperes 
91.3 per cent 
51 lb, 13 oz 
8.37 lb 


(Repnnled by ■permission of McGraw-Hill Book Co.) 
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arrangements of tanks and electrodes have been suggested, but the 
most popular is the Walker, shown in Figure 34, in which there are 
two rows of tanks with a common partition. The current is led to 
the first tank by a heavy bus bar, and the common partition sup¬ 
ports a light triangular “equalizing” bar upon which the cathode 
bars of the preceding tank and the anode bars or lugs of the suc- 




Fia. 34. Walker Multiple System. 


a Copper conductor 
b Cathode bar 
e Cathode 
d Anode 
e Insulator 



© 


Fig. 35. Whitehead Multiple 
System. 


ceeding tank rest. At the other end of a senes of fifteen 

tanks the current is carried away by another heavy bus ^an Th 

effects a considerable saving in the amount of copper tied up 

cidentally with a current density of 20 “77* ^Tcurrett re- 
with a depositing surface of 550 square feet, the total current 

quired is 11,000 amperes. ^ Cathode bar 

b Anode lug 
0 Cathode 
d Insulator 



Fw. 36. Aubel Multiple System. 


The Whitehead “^gle 
:rrode bar in tank 1 rests direc^ on 

2. In the original system the anodes are ‘ Another 

dlv^pmentr/AubeUshown in Fi^Ire 36) utilises a groove cast in 
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the top of one lug (“Baltimore groove”) in which fits a wedge- 
shaped cathode bar. 

Not all the anode mud falls into the tank. Some adheres to the 
surface of the anode, necessitating frequent cleaning to reduce the 
resistance of this film. Since, even with great care, the anodes 
cannot be made entirely homogeneous or the same solution condi¬ 
tions maintained at all parts of the anode surface, one area corrodes 
much faster than another with a consequent high percentage of 
scrap. The solution line is another area of accelerated attack. 

The electrolyte should contain 3 to 4 per cent of copper and 10 
to 16 per cent of free sulfuric acid., 'The nature and amount of the 
other impurities are shown in Table 44. 


TABLE 44 


Analyses of Copper Electrolytes * 


Per Cent 


i 

Cu 

As 

Sb 

Ni 

Co 

1 

Bi 

Fe 

Cl 

! 

Zn 

H2SO4 

.Speci6c 

Gravity 

Great Falls 

Perth Amboy 

3.28 

3.91 

0.50 

1.03 

0.041 

0.03 

0.377 

0.38 

0.016 

0.021 

0.60 

0.10 

0.004 

0.003 

0.418 

13.03 

12.85 

1.220 

1.255 


(Reprinted by permission of McGraw-RUl Book Co.) 
* Metallurgy of Copper (Hofman-Hayward). 


, The temperature of the bath ranges from 40° to 60°C. If the cop¬ 
per content falls below 2.5 per cent, there is danger of plating out 
arsenic; if the sulfuric acid is too high, the bath is decomposed elec¬ 
trically and polarization sets in, with a corresponding loss in elec¬ 
trical efficiency, ^he hotter the bath, the lower the resistance and 
the smoother the cathodic deposit, within the limits given above. 

The tanks, of which there may be several hundred,' to insure 
pnerating and transmitting efficiency are arranged in cascade,^ that 
IS, with a slight drop between adjoining ones so that there can be a 
continuous circulation at the rate of 3 to 6 gallons per minute of the 


on “metals in process” is a considerable item in a large plant for 
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electrolyte. Most refineries use upward circulation, that is, the elec¬ 
trolyte is introduced at the bottom and withdrawn from the top 
of the tank. This is essential to avoid differences in composition set 
up in the electrolysis, layering of the bath, and polarization. These 
differences, if unchecked, would cause uneven corrosion of the anode 
and a high percentage of scrap. This scrap amounts to 10 to 15 
per cent, by weight, of the original anode. The greater the current 
density and the higher the temperature, the more rapid must this 
circulation be. It is important, however, to have it slow enough to 
permit the free settling of the slime liberated from the anode. The 
usual method of circulation is to have rows of tanks on wide ter¬ 
races, through w^hich the electrolyte is circulated by gravity, col¬ 
lected in the main sump where it is raised by an air lift, and re¬ 
turned to the first set of cells. 

The current density ranges from 15 to 25 amperes per square 
foot, the lower current density preventing arsenic from passing over 
to the cathode under proper operating conditions. The drop in po¬ 
tential between tanks ranges from 0.2 to 0.4 volt. Although the¬ 
oretically 1 ampere-hour deposits 1.186 grams of copper from a 
copper-sulfate solution, or 1 pound of copper for 382.4 ampere- 
hours, practically it requires 400 to 500 ampere-hours. To attain 
this it is necessary to keep the contacts bright in order to retard 
corrosion and prevent creeping of the electrolyte, with consequent 


loss of current. 

268. Series System. In this system the electrodes (they may be 
cast but are usually rolled) are placed vertically in a tank, one end 
electrode being connected to the positive conductor, the other to the 
negative one, as shown in Figure 37. They are usually 3.5 to 4.5 

feet long, 10 to 12 inches wide, and 0.5 
© © 3.5 inches thick, with an electrode 

spacing of % inch as compared to 1% 

^ c, • TT inches in the multiple system. Under the 

Fia. . enea ye em. +he current, copper from the 


anode goes into solution and is plated out on the back of the next 
electrode (insoluble impurities settle out in the bottom of the tank). 
The electrodes, except for the end ones, are therefore bipolar or 
intermediate. It is not practicable or economical to continue elec¬ 
trolysis until all the original copper has been redeposited, but ordi¬ 
narily no difficulty is experienced in stripping the last traces of the 
original electrode from the pure copper. This method also dis- 
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penses with many of the bus bars required in the multiple system 
(see Table 47, page 218). 

269. Purification of the Electrolyte. In the course of time, im¬ 
purities in the anode accumulate in the electrolyte and increase not 
only its resistance but also the danger of the cathodic copper’s be¬ 
coming contaminated. On the whole, arsenic and nickel are the only 
metals which dissolve in the electrolyte in sufficient quantities to 
make a recovery system necessary. This contamination is in addi¬ 
tion to the contamination from adhering slime and is due to the fact 
that the deposited metal is somewhat porous and permits a certain 
entrainment of electrolyte. The higher the current density, the 
greater the tendency for the formation of these porous cathodes. 
The remedy for such contamination, although it is a source of con¬ 
siderable expense, unless the impurities have a marketable value, is 
to keep the electrolyte as pure as possible by withdrawing a certain 
volume at periodic intervals and replacing this with fresh solution. 
The principal impurities involved are arsenic, antimony, bismuth, 
nickel, and iron. They may be removed by (1) crystallization, (2)’ 
crystallization and electrodeposition, (3) electrodeposition. 

Since the investment required for the manufacture of bluestone is 
considerable, as against the use of insoluble anodes, method 3 is more 
commonly used. The insoluble anode tanks are usually in three 
groups. The first group has a high rate of circulation and removes 
the bulk of the copper as good cathode copper at 85 per cent cur¬ 
rent efficiency; the second group removes a casting grade at 50 per 
cent efficiency; and the third set strips the electrolyte at low effi¬ 
ciency, forming a sludge of copper and arsenic from which the ar¬ 
senic can be eliminated by roasting. 

270. Purification by Evaporation. This method consists of tvith- 
drawmg, each day, a certain volume of electrolyte, boiling it down 
to approximately 46”Be, crystallising out the copper sulfate, send¬ 
ing the mother liquor to insoluble anode tanks where the last of the 
copper and most of the arsenic and antimony are removed and 

ni'’ok fsXTd“®t‘° "‘’”1“y^allising out the iron and 

containinTls electrolyte, 

Th mon®h ThT, « 

and a Id,;. ? • acid 

P , gold, 0.13 ounce per ton; zinc, 0.03 per cent; lead, 2.7 ner 
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cent; arsenic, 31.2 per cent; antimony, 1.03 per cent; selenium, 0.004 
per cent; tellurium, 1.8 per cent; nickel, 1.7 per cent; in>n. 0.2 i)er 
cent; sulfur, 4.1 per cent; and insoluble matter. 0.5 per cent. All 
the silver, gold, selenium, and tellurium come from the leaching of 
the tank room slimes as these elements do not exist in tank room 
solutions. The disposition of the impurities is shown in Table 45. 


TABLE 45 

Disposition of Impurities * 


(One year’s operation) 



Arsenic, 

lb 

Per Cent 
of Total 

Anti¬ 
mony, lb 

Per Cent 
of Total 

Nickel, 

lb 

Per Cent 
of Total 

Liberated from anodes 
Increase in electrolyte 

Total removed 
Distribution of impurities 
To silver slime 

To cathodes 

Removed in purifying 

62,185 
2.392 
59,793 

36,168 

1,880 

21,745 

60.5 

3.1 

36.4 

80,672 

720 

79,952 

56,388 

1,990 

22,316 

69.8 

2.5 

27.7 

11,104 

5.949 

5,155 

470 

1,548 

3,137 

9.1 

30.0 

60.9 


* BardweU and Lopee, “Notes on Purification of Electrolytes in Copper Refining,” American 
Society of Mechanical and Metallurgical Engineers, Technical Pubheahon 512. 


271. Anode Mud. During electrolysis a black slime or mud col¬ 
lects in the bottom of the tank. The composition of this mud vanes 
considerably, depending upon the nature of the anode, as indicated 
in Table 46. This residue amounts to 0.4 to 1.5 per cent of the 


TABLE 46 

Analyses of Anode Mud * 



Per Cent 


Cu 

Pb 

Sb 

As 

Bi 

Ni 

Co 

Fe 

Zn 

Se 

Te 

SOs 

Ag 

Au 

Raritan 

Great Falla 
General range 

13.86 

43.34 

15-55 

3.96 

0.76 

0.5- 

6.0 

2.46 

3.46 
2-8 

3.88 

3.03 

1.5- 

6 

0.26 

0.11 

0.2- 

0.8 

0.27 

0.08 

0.1- 

0.5 

0.006 

0.22 

0.36 

0.5- 

1.5 

0.09 

1.46 

1.20 

0.1- 

2.5 

6.14 

2.10 

0.1- 

3.5 

1.73(8) 

13.21(8) 

0.5-12 

43.23 

17.19 

5-50 

0.234t 

0.12 

0.02- 

0.70 


{Reprinted by permission of Mc^awRiH Book Co.) 
* MdaUnrgy of Copper (Hofman-Hayward). 
tAg—12,610 01 per ton. Au—68.4 oz per ton. 
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weight of the original anode. When it has collected in sufficient 
quantity, the electrolyte is siphoned from a cascade of tanks, the 
residue flushed out, and worked down from the top to the bottom 
tank, from which it is removed. It is then screened through a 40- 
mesh screen to remove particles of copper and refuse which may 
have fallen into the tanks during electrolysis, thoroughly washed, 
filter-pressed, and dried. In general, there are three methods of 
treating this residue to recover the precious metals. 

In direct smelting the dried cake is charged into a small basic- 
lined reverberatory furnace, with suitable fluxes, to produce a proper 
slag, and the mixture is given an oxidizing fusion. The products 
from this fusion will be bullion, slag, and flue dust. The bullion is 
sent to the mint or refinery; the slag and flue dust are returned to 
the process. 

In lead soaking the dried slime is charged in paper bags contain- 
ing 10 to 15 pounds each onto the lead bath of a cupelling furnace 
in which the silver and gold dissolve. During the cupelling process 
the lead as well as most of the impurities are oxidized and scorified, 
leaving gold and silver (dore bullion) on the hearth. 


A third process, applicable to the most impure slimes, involves 
roasting and leaching. In this the dried cake is given an oxidizing 
roast in a reverberatory furnace at about 350°C. This roasting 
converts the copper into the oxide and volatilizes some of the ar¬ 
senic, antimony, zinc, and other impurities. The roasted product is 
then leached in lead-lined tanks with hot sulfuric acid solution (15 
per cent). The solution, after being passed over metallic copper to 
remove selenium and tellurium and some of the other impurities, is 
returned to the tank house. The residue from the acid treatment, 
containing usually less than 1 per cent of copper, may be treated by 
either of the other methods. The dore bullion produced by any 
of these methods should be 980 to 990 fine (98 to 99 per cent) in 
silver plus gold. The refining of this alloy will be considered in the 
chapter on gold. Chapter 13. 


272. Behavior of Impurities. The impurities present in the cop- 
per anodes are found in (1) the anode mud, (2) the electrolyte, or 
(3) the cathodic copper. Their distribution is shown in tabular 
orm in Table 45. All the insoluble impurities go into the anode 
mud or shme. Others, which are soluble, remain in solution, and 
some of them If a high current density is used, may be electrolyti- 
ally deposited on the cathode. Furthermore, if the current density 
IS high or the circulation poor, some of the anode mud or the elec- 



COPPER 


trolyte itself may be mechanically included in the cathodic copper. 
Selenium and tellurium occur in the anode combined with the silver, 
and, if there is not enough silver to satisfy these two elements, the 
remainder combines with the copper and forms insoluble compounds 
which go into the anode mud. The relative amounts of arsenic, 
bismuth, and antimony in the solution depend upon its acidity. High 
acid brings with it a decrease in antimony and bismuth ions; ^ low 
acid gives a low concentration of arsenic ions.^ Arsenic and anti¬ 
mony also tend to form a light basic precipitate, “float slime,” which 
may be mechanically included in cathodic copper. Any sulfur 
combined with the copper is insoluble in the electrolyte and joins 
the slime. Any copper loosened mechanically from the anodes drops 
into the mud and remains there. Some of the copper dissolves elec- 
trolytically as univalent ions which form divalent copper ions and 
metallic copper, as indicated below, 

2Cu+ -> Cu++ + Cu (78) 


and further contaminates the slimes with metallic copper. 

Another phenomenon has been observed at certain refineries as 
the arsenic and antimony content of the electrolyte vanes between 
wide extremes. Antimony has a very limited solubility in tank 
room electrolyte; and, having reached the point of saturation under 
existing conditions, it is thrown out as a basic sulfate, taking wi 
it basic sulfates of arsenic and probably bismuth. Experimentally 
we find that if an anode high in antimony but containing little or 
no arsenic is electrolyzed in an electrolyte high in arsenic, but con¬ 
taining little or no antimony, the arsenic content of the electrolyte 
will diminish progressively. The final result of this phenomenon, 
which is probably more mechanical than chemical, is that arsenic 
instead of tending to build up in the electrolyte is precipitated in the 
refining tanks and removed finally with the anode slime. It mig 
appear to be an ideal way of controlling arsemc, but if we t^e 
into account the contamination of the cathode deposit and ^ 
cultv of removing from the solution lines the cement-like depo 
" »d anLony sulfate, that forms when the temperature 

drops a few degrees the remedy may be worse than the disease. 
Mort plant, prefer to remove these troublesome impunt.es by 

purification. 

Sb2(S04)3 2Sb+++ + 3 SO 4 

Bi2(S04)3 ^ 2Bi+++ + 3 SO 4 — 

+ 60H" AsjOs + H 2 O 
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273. Multiple versus Series. The following advantages are 
claimed for the multiple system: 


1. The anodes require less preparation. Ones with over 1 per 
cent of combined impurities and up to 1000 ounces of gold and 
silver per ton can be treated. 

2. There is a low voltage across the tanks and therefore fewer 
short circuits. 

3. No stripping of the cathodes is required. 

4. The electrodes as well as the anode scrap produced are handled 
more easily, and in larger units, by mechanical devices. 

5. The large electrode distance and the open spaces about the 
sides of the electrodes favor circulation of the electrolyte with¬ 
out stirring up the mud, and less care need be exercised in 
maintaining the purity of the electrolyte because it is possible 
to effect a better circulation. 

6. There is less loss of precious metals in the cathodes produced. 

The points in favor of the series system are: 


1. The electrode distance (% inch) ^ is smaller and, although more 
leakage of current occurs around the electrodes, more copper 
can be deposited for a given amount of power. The produc¬ 
tion in the Hayden system is about 140 per cent and in the 
Nichols system 170 per cent greater per unit of power than in 
the multiple system. 

2. In the series system a large part of the copper tied up in bus 
bars 2 is saved. Roughly the interest on this metal is only 
about half that in the multiple. 

3. The scrap produced in the series system is 3 to 8 per cent, as 
against 10 and often 15 per cent in the multiple.® 


^In the multiple system electrodes are usually spaced so that there is 1% inches 
between them. 

® A plant using the multiple system and having a capacity of 75,000 tons of 
^ed c^per per yes. wiU have 3500 linear feed of bus bL wLh weXppmX 
mately 300 tons. The mam busses, eight in number, carrying 376 amperes ner 

square inch are 10 mches by kinchin cross section. o amperes per 

* A typical balance for the multiple system is: 


1—625 lb anode 525 lb 

3— 8 lb starting sheets 24 


3 158 lb cathodes 474 lb 
75 lb scrap 75 


549 

Recovery of copper Hr X 100 = 86.5 per cent 


549 



4. The series system requires less floor space than the multiple. 

5. There is less metal tied up in process because the electrodes 
are thinner. 

6. Less tank room space is required for a given output because 
the tanks may be placed closer together and there are more 
electrodes in each tank. 

The fact that most of the refineries operating in this country are 
using the multiple system and that in recent years only one series 
plant has been built seems to indicate that the multiple is on the 
whole the most satisfactory process. The comparison given in 
Table 47 furnishes further information regarding the relative ad¬ 
vantages of these two systems. 


TABLE 47 

Comparison of the Multiple and Series Systems 


Cubical contents of tanks 
Copper tie-up in bus bars, conductors, and 
starting sheets per ton daily cathode ca¬ 
pacity 

Anode and cathode tie-up in tank house per 
ton daily cathode production 
Electrolyte tie-up, including storage and 
heating per ton daily cathode production 
Floor space per ton daily cathode production 
Current density, amperes per square foot at 
the cathode 
Current efficiency 
Copper deposited per kilowatt-day 
Volts per tank 
Amperes per tank 


Series System 

Multiple System 

436 cu ft 

175 cu ft 

514 lb 

4,887 lb 

41,960 lb 

53,100 lb 

23,000 lb 

195 sq ft 

30,900 lb 

422 sq ft 

18-27 

70-89% 

356 lb max. 

17 

76 

20-24 
89-96% 
145-266 lb 
0.18-0.40 
7,000-10,000 


THE NORANDA SMELTER 

274 General This plant, located at Noranda, Quebec, is engaged 
in treating a massive iron-copper sulflde ore with considerab e 
values (016 to 0.26 ounce of gold and 0.65 to 0.80 ounce o si 
ncr ton) in precious metal. Built in 1927 and remodeled it is a 
good example of a modern copper smelter. A flow sheet of le p an 
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(1944) is shown in Figure 38. The original capacity for two rever¬ 
beratory furnaces was 30,000 tons per month, but additions to the 
roasting and converting plants and improvements in reverberatory 
practice have increased this to 125,000 per month. 


Horne Mine 









>20 


COPPER 


275. Feed. The feed consists of ore, concentrates, and fluxes (see 
analyses in Table 50) crushed for treatment, as indicated below. 



Per Cent 

Oni 

Inch 

Through 
^ Inch on 
3-Mesh 

Through 
3-Mesh on 
6-Mesh 

Through 
6-Mesh on 
10-Mesh 

Through 

10-Mesh 

Smelting ore 

Fluxing ore 
Converter flux 
Concentrating ore 

42 

31 

10 

16 

17 

10 

27 

25 

31 

5 

17 

59 

50 

12 

46 


The feed is stored in bins with a total capacity of 6420 tons. 
The fineness of the feed is of great importance in both roaster and 

reverberatory operations. 

276. Roasting. This is carried out in 25-foot Wedge furnaces 
with one dryer and seven roasting hearths. In reducing the sulfur 
content from about 28 to 13 per cent, they have a capacity of about 
350 tons of feed per day. The amount of extraneous heat required 
for roasting depends upon the mineralogical composition of the ore. 
With high-pyrite and low-pyrrhotite ore the roasters have run for 
weeks using no coal. With low-pyrite and high-pyrrhotite ore, as 
much as 30 pounds of coal per ton has been used. Gases leave the 
roasters at 540°C and contain about 5 per cent SO 2 by volume. 
Only a small amount of flux is added to the roaster feed. In order to 
have as uniform a mixture as possible, fluxing ores are added to the 
smelting ore as it is being crushed. For the same purpose, both 
Noranda and Custom concentrates are also added to the smelting 
ore as it is being distributed to the roaster bins. Analyses of prod¬ 
ucts are given in Table 50. The roasters are operated to give as 

hot a calcine as possible (590° to 680°C). 

277. Reverberatory Smelting. The two reverberatory furnaces 

are now 111% feet by 30 feet inside, as shown m Figure 
fed fired with powdered coal (85 to 90 per cent minus 2W mrah), 
and have a capacity of 2100 tons solid charge per day. Secondary 
air for combustion is supplied from a turbo compressor delivering a 
constant weight of air which is preheated to 171 C by steam p 
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duced from waste heat boilers. The fuel ratio for the reverberatories 
for the year 1943 was 0.1046; for total coal burned to total ores 
smelted in the plant it was 0.0847. The distribution of the furnace 
feed is shown in Table 49 and the tonnages involved are shown in 
Table 48. 


TABLE 48 

Roaster and Reverberatory Tonnages 


Raatten 

Direct smelting ore, tons 
Concentrates, tons 
Siliceous ore, tons 
Custom ore and concentrates, 
tons 

Total N.M.B.M.f treated, tons 
Reverts, tons 
Total feed, tons 
Sulfur, per cent 
Total calcines, tons 
Feed per roaster day, tons 
Roaster Cottrell dust, tons 
Pounds coal per ton calcine 
Beverberatorie* 

Galdne. tons 
Siliceous ore, tons 
Converter Cottrell dust, tons 
Reverts, tons 
Total solid charge, tons 
liquid converter slag, tons 
Goal burned, tons 
FiwI ratio, per cent 
Sag imduoed, tons 
Matte produced, tons 
8obd charge per furnace day 
Time lost for itqMurs, furnace 
days 

Total oral throng oonverters 
Total one through plant 


1928 


214,215 

1,033 

26,838 


242,086 

17,305 

259,391 

26.1 

235,182 

156 

4,684 

1.58 

I 235,316 
3,378 
958 

244,346 

77,480 

31,786 

13.00 

223,916 

86,825 

694 

19.141 

26,462 

271,926 


1941 


667,319 

212,856 

60,172 

210,366 

1,162,747 

2,418 

1,165,165 

30.2 

1,082,212 

330 

! 5,163 

6.01 

1,082,212 

16,863 

7,090 

1,111,789 

678,168 

111,812 

10.06 

1,059,589 

551,180 

1,524 

Nil 

231,346 

1,411,415 


1943* 


683,532 

188,013 

37,439 

234,240 

1,158,201 

3,181 

1,161,382 

28.4 

1,055,777 

351 

4,384 

1.12 

1,055,777 

10,639 

8,038 

2,960 

1,086,967 

707,022 

113,742 

10.46 

1,049,384 

573,680 

1,490 

0.69 

206,726 

1,380,739 


* Tonuga was being reduced for lack of 
t Mew M^ Baaring Material 
1 1980. No %Bea availaUe for 1928. 


miners. 
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Matte produced varies from 18 to 22 per cent copper and slag is 
about 0.37 per cent. Clean slags are of vital importance because the 
low copper content of the charge brings about a high slag fall; con- 



considerable decrease m recovery. 

Furnace gases contain approximately 17 per cent carbon dioxide, 
1.2 per cent sulfur dioxide, 0.5 per cent oxypn, and no carbon 
monoxide. If excess oxygen is less, some monoxide may show Fur¬ 
nace campaigns are now of indefinite length. In 1936, following 
Hudson Bay Mining and Smelting practice, the roofs were change 
to suspended arches by first replacing 50 feet only m the mam 


TABLE 49 

Distribution of Furnace Feed 
(1943) 

Smelting ore, including fluxing ores and slimes 

Concentrates 

Siliceous flux 

Custom ores and concentrates 


PerCerd 

59.9 
16.0 

3.2 

20.9 


Total 


100.0 
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TABLE 50 

Analyses of Ores and Intermediate Products 
(1943) 



Per Cent 

Cu 

Si02 

Fe 

S 

AI 2 O 3 

CaO 

MgO 

Smelting ore 

2.28 

21.8 

35.7 

28.9 

3.2 

1.3 

0.6 

Flux—roasters 

0.69 

58.0 

11.6 

9.9 

10.9 

1.5 

0.8 

Flux—converters 

0.27 

64.7 

7.7 

6.4 

11.3 

1.5 

1.1 

Concentrates (Noranda) 

10.46 

4.5 

38.7 

39.3 

1.6 

1.2 

0.5 

Custom ores 

0.80 

72.4 

4.4 

1.8 

7.2 

3.6 

1.3 

Custom concentrates 

20.70 

8.1 

28.7 

30.3 

1.0 

1.2 

2.1 

Roaster feed 

6.18 

21.3 

32.4 

28.4 




Roaster calcine 

6.97 

23.4 

36.7 

14.4 

_ 



Roaster Cottrell dust 

10.97 

14.3 

30.3 

8.2 

_ 



Reverberatory slag 

0.37 

38.0 

37.3 

1.4 

6.2 

1.2 

1.0 

Reverberatory matte 

20.60 

_ 

45.7 

23.7 




Converter balloon dust 

52.80 

6.9 

14.6 

16.4 




Converter Cottrell dust 

35.80 

13.8 

11.1 

12.4 




Converter slag 

2.50 

27.9 

47.1 


4.8 

0.5 

0.3 


smelting zone and gradually increasing the suspended arch area un- 
td the full length of the furnace was of suspended arch construc¬ 
tion. The effect on lost time for arch repairs (two furnaces) is 
shown below: 


Days Lost 

1936 16.5 

1937 7.3 

1938 3.7 

1939 0 


Days Lost 

1940 2.1 

1941 0 

1942 0 

1943 0 


From September 7, 1938, to May 31, 1944, inclusive, reverbera¬ 
tory furnace 2 smelted 2,867,400 tons of solid charge with no lost 
tae for arch repairs and was shut down only became of shortage 
of ore. The reverberatory furnace 1 ran from April 4 1940 to 

solid cLrle 2,568,600 tons 

® 1 roof was changed on October 27, 1944 and 

in 24 hours with a fuel ratio of 0.103. ^ 
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Most of the reverberatory furnace slag is granulated, mixed with 
coarse dump slag and sulfide mill tailings, and returned to the mine 
for backfilling. 

278. Converting and Casting. Converting is carried out in basic- 
lined Peirce-Smith converters. The unusual feature is the treat¬ 
ment of large quantities of low-grade matte (about 20 per cent 
copper). The blister copper produced contains about 98.5 per cent 
copper. All floor cleanings, ladle skulls, and converter slag launder 
cleanings are treated in the converters. The blister copper is refined 
to 99.4 per cent copper in the anode furnace and cast into anodes 
weighing 710 pounds on a Walker casting wheel. 

279. Cottrell Plants. Plant expansion made necessary separate 
stacks and dust recovery plants for the roasters and converters. 
They are of the “rod-curtain” type and recover about 95 per cent 
of the solids in the gases. A part of the dust from the roasters is 


recovered as balloon flue dust. 

280. Preheater and Waste Heat Boilers. Hydroelectric power 
was 80 cheap that it was thought that the heat from the waste gases 
could best be recovered in pipe preheaters, the warm air being use 
in the reverberatory furnaces. Gases entered at 760°, left at 430 C, 
the air inlet varying from -30° to 27°C, and the outlet at about 
150°C On the whole, this recuperator was not successful, an 
waste heat boilers were installed. There are two waste heat boders 
to eaeh reverberatory furnace. The inlet gases are 595 o 
and outlet temperature is 290-C. Boiler inlet temperatures are pur¬ 
posely kept down to avoid slagging in the furnace outlet flues. 


THE RARITAN COPPER WORKS 

281. General. This plant, owned by the Anaconda Copper Min- 
ine Company, is located at Perth Amboy, about 23 miles from New 
York City, and has a capacity of 45,000,000 pounds of cathgdes per 
month A flow sheet of the process is shown m Figure 40. 

ctde copper is received, mostly from Africa, Souft Amenca 
Mexico and the United States, in the form of pigs. It is melted in 
a reverberntory furnace, cast into anodes 37 by 28 by 1 j me es, 
weighing 525 pounds. A typical analysis of this material is: 
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Cu 99.26 
As 0.06 
Bb 0.02 
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Per Cent 
Ni 0.05 
Pb 0.05 

Fe 0.06 

Bi 0.003 

S 0.004 

Se 0.048 

Te 0.038 

O 2 0.10 

Ag 30.0 oz per ton 

Au 0.4 oz per ton 
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Fig. 40. The Raritan Copper Work^ t To Market 

Tourml T "" and Mining 

poS® 0- 

In the cells twenty-eight anodes and twenty^tae'strrting'’srV“"*' 
suspended in an electrolyte of the following conrposHbn 
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Grams per Liter 


Cu 45.0 

As 12.5 

Sb 0.4 

Fe 1-2 

Ni 8.5 

FreeH 2 S 04 200.0 

Cl 0.03 


Specific gravity 1 • 260 

Three cathodes, weighing 158 pounds, are deposited, in 10 days, at a 
current density of 18 amperes per square foot, leaving 75 pounds 
of scrap anode. The average current efficiency is 93 per cent with a 
production of 8.6 pounds of copper per kilowatt-hour. The anode 
scrap is remelted, the cathodes sent to fire refining, and cast in com¬ 
mercial copper of the following composition. 



Per Cent 

Cu 

99.94 to 99.97 

O 2 

0.02 to 0.05 

Ag 

0.001 

Au 

0.00001 

S 

0.002 

Fe 

0.0025 

Ni 

0.0015 

As 

0.0015 

Sb 

0.0015 


The silver-gold slimes are withdrawn from the tank and pumped 
to the refinery. Eleetrolyte purification is effected by a series o 
crystallisations in which copper sulfate and nickel sulfate are p 


^ m Slime Treatment. At the slime plant the slimes are settled, 
filtered, washed, and given a light roast to break down the sekinides 
and tellurides and oxidize the copper. They are then agitated wit 
hot dilute sulfuric acid, washed, filtered, and sent to dorf furnaces. 
In the dorS furnace the slimes are melted, the impurities fluxed 
producing a bullion containing 98.6 per cent silver and 1.6 per cent 
gold. In the parting plant both Moebius and Thum cells are use ^ 
Some platinum and palladium are recovered as ‘>y-Produc^ Th 
silver refinery produces up to 2,600,000 troy ounces of silver and 

25,000 ounces of gold per month. ... 

284 Refinery Location. Our copper refineries were and stil 

are for the moat part, located on the Atlantic seaboard. Severa 

faciors, chief among them the following, have contributed to mam- 
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tain this condition even though most of our domestic copper is now 
produced in the Western states: 


1. In the early days there was a sizable copper smelting indus¬ 
try, treating domestic and foreign ores, in the neighborhood of 
New York. When the refining industry started we were min¬ 
ing about 50 per cent, smelting 60 per cent, and refining 70 to 
75^ per cent of the world’s copper, and we were heavy ex¬ 
porters of the metal. Domestic consumption was centered in 
the Connecticut valley, where the brass industry was located. 
Since Western copper had to be shipped East anyway, for 
export or consumption (the small weight of the gold and silver 
made little difference in freight), the refineries were established 
in the vicinity of New York and Baltimore, close to cheap, 
water-borne transportation and cheap fuel. Originally, the 
East,^ when immigration was at its peak, had a cheap’ and 
plentiful labor market. 

2. These large plants in intervening years have been to a large 
extent written off from a tax standpoint, and unless a demand 
for refinery capacity should arise beyond that represented by 

theirs, it would seem unwise to move them or to construct new 
ones. 


3. Cheap power is a requisite but it is not commonly recognized 
that the proximity of the coal fields of Pennsylvania and West 
Virginia enable the seaboard refineries to produce power at 
0 05 to 1.0 cent per direct current kilowatt-hour. Incidentally 
the power requirements for refining copper (10 pounds of cop¬ 
per per kilowatt-hour) are not large. Under such conditions 
the seaboard location still competes successfully with those 
aving cheap hydroelectric power. Furthermore, with the ex- 
pansion of oil refineries and the installation of new pipe lines 
to the East the refineries there can frequently hZ theL 
choice of either coal or oil as a source of power 

“petitions are conducted more economically on a large 
scale. Consequently, the refineries were located originalfy 
ere they could handle the product of many smelters The 
seaboard ones can still do that. Furthermore, in haying many 
sources of crude copper of different composition they Ly be 
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able to control more closely the composition of the anodes and 
avoid operational difficulties. 

Even in the face of these facts it is significant that all new elec¬ 
trolytic refineries built in recent years (El Paso, Texas; Quebec, 
Canada; Northern Rhodesia) have been built close to sources of 
crude copper. It would be interesting, taking into consideration 
production, consumption, cost of power, transportation, etc., to specu¬ 
late on just where a large, new copper refinery should be located for 
most economical operation. 

HYDROMETALLURGY OF COPPER 

285. General. Hydrometallurgical treatment or leaching is any 
process whereby the valuable metal or metals are recovered by means 
of some solvent, leaving the gangue or waste material practically 
unaffected. From the solution the valuable metal can be precipi¬ 
tated in relatively pure form. Such processes are often called “wet” 
in contrast to “dry” smelting methods. The practice of hydro¬ 
metallurgy began on a large scale with the coming of the Conquista- 
dores to this country. They developed ingenious methods for re¬ 
covering silver from ores. As early as 1540 a process was desciibed 
for treating the ore, after roasting with water or vinegar, in which 
had been dissolved mercuric chloride, copper sulfate, salt, and fer¬ 
rous sulfate. When mercury was mixed with this pulp and the whole 
ground or stirred in a mortar, the silver was readily recovered by 
amalgamation. The leaching of ores in place and the recovery of 
copper from mine waters as impure cement copper have been prac¬ 
ticed for centuries. The earliest copper leaching in this country 
was probably carried out on cupriferous pyrite cinder from burning 
pyrite in the manufacture of sulfuric acid. Leaching was applied 
to gold ores, beginning with the discovery of the cyanide process 
about 1890, but only during the last twenty years have metallurgists 
been able to perfect leaching methods for the treatment of ores of 
copper, zinc, and lead. Today, fully 75 per cent of the cadmium, 
40 per cent of the zinc, and 15 per cent of the copper produced in 
the United States are obtained by leaching processes. Many be¬ 
lieve there will be striking developments in hydrometallurgy in the 
next few years, and some optimists believe that the day of the 
smelter has passed. However, unless new solvents and a new tech- 
niaue can be developed, this appears to be unlikely. 
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For years it has been common practice to recover copper from 
the water pumped out of copper mines by precipitation on scrap 
iron. In 1943 over 50,000 tons of the metal were recovered in this 
way. 

286. Advantages of Leaching. The advantages of the hydro- 
metallurgical method of treating copper ores are many, among them 
the following: 

1. By electrodeposition the copper can be obtained directly and 
in a very pure form. Recent developments in power genera¬ 
tion in this country give promise of very cheap current for such 
purposes. 

2. Siliceous gangue is unaffected by most solvents, whereas in all 
smelting processes this gangue must be slagged with relatively 
expensive fluxes. 

3. It is necessary to use large amounts of expensive coke to fur¬ 
nish heat to promote the reactions and melt the matte, metal, 
and slag. In contrast to this, hydrometallurgical processes are 
carried on at room, or relatively low, temperatures. 

4. The handling of the products (by pipes, pumps, or conveyors) 
is much cheaper and easier than handling molten mattes, slags, 
and blister copper. 

5. The recovery of metal is usually higher than with smelting. 

6. Ores of lower grade can be worked at a profit. 

Unfortunately there are also marked disadvantages, not least of 
which are: 


1. The bad effect of very small amounts of impurities on the elec¬ 
trodeposition. 

2. Sulfide ores are not amenable to the action of cheap solvents. 

3. The corrosive nature of these solvents. 

4. The difficulty of separating the valueless solid from the metal¬ 
bearing, corrosive solution. 

5. High cost of electric current. 

6. Lack of proper electrode material. 


287. Solvents. The following reagents have been proposed as sol¬ 
vents of the copper mineral. The order given is about that of their 
importance at the present time: (1) sulfuric acid, (2) ferric sulfate, 
(3) ammonia and ammonium carbonate, (4) sulfur dioxide, (5) ferric 
chloride, (6) cupric chloride, (7) hydrochloric acid, (8) chlorine (9) 
nitric acid. * ^ ' 
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A solvent used for leaching should have the following character¬ 
istics: 

1. It should be cheap and available in adequate quantities. 

2. It should have a selcetive action in attacking the ore minerals 
and not the gangue. 

3. It should be eapable of regeneration easily and cheaply. 

4. It must be effective in cold, dilute solutions. 

Sulfuric acid because of its cheapness is the solvent most commonly 
used. It has the distinct disadvantage, however, of not dissolving 
sulfide copper minerals and dissolving many of the common impuri¬ 
ties. It is always used as a dilute solution, probably never exceeding 
10, and seldom 5, per cent. It has a slight selective action for copper. 
Ammonia and ammonium carbonate in the presence of air dissolve 
metallic copper and copper oxide, but they do not have any effect on 
the common sulfide minerals. Ferric sulfate has the advantage of 
dissolving chalcocitc but docs not affect, at any practical rate, bornite 
or chalcopyrite. Furthermore, any excess ferric sulfate is detrimental 
to clcctrodeposition so that its removal is frequently a perplexing 
problem. Sulfur dioxide dissolved in water as sulfurous acid is an 
active solvent of most oxidized compounds and can be cheaply and 
easily made from local pyrite. The remainder of the solvents, al¬ 
though often very active, have been abandoned as too expensive or 
too difficult to handle on the large scale necessary in treating low- 
grade ores, The reactions involved in the use of the above solvents 


are indicated below: 

CuaO -h Ha 804 -♦ CUSO 4 -f HaO + Cu (79) 

2Fe804 + Oa + 80a Fea(804)a (80) 

280a + 08 + 2H3O 2H3SO4 (81) 

aCuaO + 4Fe3(804)8 6CUSO4 + 6FeS04 + FeaOa (82) 

FesOa + 3H8SO4 Fe3(804)a + 3HaO (83) 

CuO + H3SO4 CUSO4 + H3O (84) 

CuO + (NH4)aC08 CuCOa-aNHs + HaO (86) 

CuaS + Fea(804)8 + CU8O4 + 2 FeS 04 (86) 

QCuS + 2Fea(804)8 -♦ 2CU8O4 + 4FeS04 + 83 (87) 

CuO + 80a-► Ou808 (®®^ 
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288 . Precipitation. Since the copper is in solution in the form of 
a salt and as such has little market value, the metal is usually pre¬ 
cipitated in one of the following ways: (1) electrolysis, (2) metallic 
iron, ( 3 ) hydrogen sulfide, ( 4 ) heat. 

Precipitation by electrolysis is carried out in much the same man¬ 
ner as the refining of copper, except that it is necessary to use in¬ 
soluble anodes and a different arrangement of electrodes in the tank. 
A completely satisfactory anode has yet to be developed. Lead, mag¬ 
netite, silicon lead, and ferrosilicon have been used, but each has 
peculiar disadvantages. Furthermore, the use of insoluble anodes 
involves the use of a great deal more current to effect the decomposi¬ 
tion of the copper salt—roughly ten times as much current as in the 
multiple system of refining, as indicated below: 

Insoluble electrodes 0.8 lb copper deposited per kilowatt-hour 

Multiple refining system 8.0 lb copper deposited per kilowatt-hour 
Series refining system 14.0 lb copper deposited per kilowatt-hour 

The solution is not under as good control as in the refining process, 
with the result that undue quantities of ferric sulfate and impurities 
often get into the solution. Ferric sulfate is particularly bad since it 

redissolves the copper as indicated below and lowers the current 
efficiency: 


Cu + Fe2(S04)3 2FeS04 + CUSO4 


Iron has always enjoyed considerable popularity as a precipitant 
because it is cheap, easily obtainable in the form of scrap, and is simple 

below- " ''' indicated 

CUSO4 + Fe Cu -f- FeS04 ( 90 ) 

Fes (804)3 + Fe ^ 3FeS04 (91) 

H2SO4 -f Fe -> FeS04 + H2 ( 92 ) 

The precipitated copper (seldom over 90 per cent pure) is known 
as cement copper. Theoretically only 0.878 pound of iron is required 
precipitate 1 pound of copper, but in practice this consumption 
fequently nses to 2 pounds. Sponge iron produced by the reducln 

in s ^n^” r 

-‘ut™ can' 
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Hydrogen sulfide offers a complete and efficient precipitation. 

CUSO 4 + H 2 S CuS + H 2 SO 4 (93) 

It is, however, expensive to manufacture and handle and has the 
distinct disadvantage of leaving the copper in a form that requires 
smelting. 

When copper is present as the oxide or as the metal it may be dis¬ 
solved in a solution of ammonium carbonate containing a slight ex¬ 
cess of ammonia. After filtration and clarification this solution may 
be decomposed by boiling with steam to release NH 3 and CO 2 and to 
precipitate the copper as the black oxide (CuO). 

289. Anode Materials. An ideal anode for electrolysis should: 


1. Not be attacked or disintegrated. 

2. Have a high electrical conductivity. 

3. Be cheap. 

4. Possess mechanical strength and resistance to abrasion and 
shock. 

5. Have a low oxygen or chlorine overvoltage. 

No one material possesses all these properties, but those named in 
the following paragraphs are commonly used in electrolytic reduc¬ 
tion of metals. 

Graphite is used as an anode material in the production of alumi¬ 
num, magnesium, sodium, chlorine, and chlorate. Both graphite and 
amorphous carbon rapidly disintegrate in acid solutions, particularly 
those containing sulfuric acid. 

Lead has found wide application in the electrodeposition of metals 
from sulfate electrolytes. Of the alloys the most attractive seems 
to be a silver-lead one, although antimonial leads (up to 40 per cent 
antimony) are used to give greater stiffness and mechanical strength. 
These are really lead dioxide anodes because in use they soon become 
Covered with a surface layer of that material. The solutions mus 
be free from chloride and nitrate ions because lead forms soluble salts 

Iro^fircommonly used in hydrogen-oxygen cells, in the manufac¬ 
ture of electrolytic white lead, and in the refining of nicke . When 
used as an anode the surface is generally coated with nickel to reduc 
the oxygen overvoltage and, if used as a cathode, it is coated w 
cobalt^ High-silicon irons such as Duriron have been used m sulfate 
chaining small amounts ol chloride and -^**0 to 
material is brittle and also corroded by the solutions. Magnetite h 
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been employed in the form of hollow castings, copper plated on the 
inside to increase the conductivity, but these also are brittle and 
show appreciable corrosion with sulfate electrolytes. 


The so-called Chilex insoluble anode of the Chile Copper Com¬ 
pany, consisting mainly of copper silicide, has been developed for 
copper electrowinning. Various addition agents are included to 
affect the films formed on the surface. The anode consists essentially 
of an alloy of copper, silicon, iron, lead, tin, and manganese. The 
anode consists of two main constituents, one substance separated 
into primary crystals and very resistant to corrosion, the other a 
binary or ternary eutectic mixture much more readily corroded. The 
primary crystals are probably free silicon, the eutectic is made up 
of the other metals. The behavior of the anode is similar to that of 


a storage battery plate. The latter consists of particles of lead di¬ 
oxide, which serve as current conductors to the solution, embedded in 
metallic lead, which serves as a metallic conductor and current dis¬ 
tributor and as the supporting grid to give mechanical strength. In 
the Chilex anode the eutectic has the same function as the lead di¬ 
oxide produced from the lead in it by the oxidizing action of the 
current. The free silicon is the supporting grid and serves to protect 
the anode against too rapid mechanical and chemical corrosion. 

290. Roasting. The necessity of roasting is another difficulty in 
the way of the wider utilization of hydrometallurgical processes. 
Whereas copper oxide and many other oxidized copper compounds 
are easily dissolved by water or dilute sulfuric acid, the sulfide min¬ 
erals are not so dissolved, and the bulk of our copper deposits are in 
this form. Roasting if properly carried out oxidizes these compounds, 
ut It IS a long, uncertain, expensive operation, and there are the’ 
attendant hazards of flue dust and fume. It is probably safe to say 
that this difficulty, more than any other, has held back the progress 
0 the leaching of sulfide copper ores as evidenced by the fact that 

Si r ^°^™on use. 

is washer O^' hydrometallurgical treatment 

even filt dewatered pulp is drained, or 

of th ^ amount (20 to even 50 per cent 

of he t'a in the interstices 

P oblem ^^^^titutes a major 

fenf I the material is washed with water until the copper con- 

tin • to the desired minimum, the bulk of the solu¬ 

tion IS very large, and the copper content of tLe wash water! then 



234 


COPPER 


so reduced as to render the economical precipitation of the copper 
difficult or even impossible. 


INSPIRATION SLIME-LEACHING PLANT 

292. General. The removal of fines or slimes from crushed ore has 
long been standard jiractice in the hydrometallurgy of gold and silver, 
but only recently has it been applied to the leaching of copper ores 
at the plant of the Inspiration Consolidated Copper Company. Flow 
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sheets of this irhuit, which arc given in Figures 41 and 42, also furnish 
fin excellent illustration of the use of countercurrent decantation. 
This system, which endeavors to dispense with the expensive filtering 
oiicrations through tin; use of Dorr thickeners, is fast gaming favor 
in hydrometallurgicfil processes. 

A series, usually four Dorr tanks, is retpiired for the process, each 
thickener being phiced iit !i slightly lower elevation than the nex 
piTceding so tluit the clear overflow may flow haek by gravity. As 
indic.atcd in Figure 41, there nr(> two separate currents the clear 
solution carrying the c.opi.er working its way towarils the head tanl , 
dissolving coi.lier us it gof'S, and the jiulp traveling towards the tai 
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tank where it is discharged as waste material The overflow of thick¬ 
ener 4 joins the feed to thickener 3 and the overflow of that in turn 
joms the feed of thickener 2. On the other hand (following the 
thickened pulp), the spigot of thickener 1, together with the overflow 
of 3 make up the feed to 2. Obviously, the countercurrent system is 
best adapted to ores that are fairly easily leached and settled. It 
may be supplemented, in certain instances, by a dewatering filter to 
insure a greater recovery of the dissolved values. The cost of opera- 
tion of the countercurrent system is low, and the relative simplicity 

system'^"*' make it a very attractive 

• to a size ranging from V. 

inch to /, inch marimum at the rate of about 9000 tons per day 

seen d a bowl classifler, %-mIh 

secondary screens, and crushing rolls to yield a granular product and 

a class.iier overflow. The Dorr bowl classifier overflow is si to 

the flotation plant and then to the main leaching plant (see Article 

297) the classifier slime to this slime plant. These slimes contain 

about 84 per cent moisture; the solids on a dry basis contlin rTM 

° and 

U.884 per cent is present as sulfide copper 

t “LI “ ?h“T 

shipped to the smelter; the tailing sent to 1 slimJZZgtJ 

‘•s S'T “»"* 

slime. From the storage tanVe i 750 tons of 
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This overflow contains about 3.14 ‘ gram. „T l t / 

grams of sulfuric acid, 4 grams per iLr „f i I 7 ^ 

as a preirralLLn;^^^^^^^^^^ 

Thirty p., ife, i, 
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•idc, with an average solution (li'lith o( 5 feet. In separating the 
ndissolr ed cans from the ee,iie.it eo,,per. a troimnel is used a h 
oles ineli in diameter. Tlic copper-tree sohitioii, as it karts 
ron Itmnder, is usually disearded, although it may he mixed with 
„akc-up water and added to thickener 4. 

ng the operation of this plant arc given in 1 able ol. 1 he dncliai g 

table 51 

Metallurgical Data 
(Inspiration-Slime Plant) 


Feed, dry tons per month 
Feed, total copper 
Feed, copper as sulfide 
Feed, copper as oxide 
Feed, minus 200-mesh 
Tailings, total copper 
Tailings, copper as sulfide 
Tailings, copper as oxide 
Oxide copper extraction 
Sulfide copper extraction 
Total copper extraction 
60°Be * acid per ton of ore 


13,811 

1.440 per cent 
0.143 per cent 
1.297 per cent 
88.5 per cent 
0.135 per cent 
0.096 per cent 
0.039 per cent 
96.99 percent 
35.21 percent 
90.63 percent 
95.7 lb 


bU i5e aoia 

- -n of 1 71 and contains 77.67 per cent H 2 SO 4 . 

* 60 “Be acid has a specific gravity ot • 

from the iron launders contains “'“J '’"J'o” °raii?oTfirnc 

gram of sulfuric acid, 8.2 grams ot total iron, ano g 

iron. 

mixk. coppkk opk 

i„g since 1^6 ,,hich 0.77 per cent is 

present as the oxide and 0.42 per c 

The ore from the mine is crushed ^ ^ crush- 

3-mesh at a crushing plantas to offer diffi- 

ing conditions the ore con cieslimed in a shmf 

culties in leaching, only material containing abou- 

treatment plant (sceAi ic . 1 . the sand tanks. 

q ner cent of 200 -mesh material is treated 



LEACHING 

298. Leaching. Leaching is carried out in thirteen concrete, lead- 
lined tanks, each 175 feet long, 68 feet wide, and 18 feet deep, having 
a capacity of 9000 dry tons of ore per tank. The mechanical spread¬ 
ing machine insures an even distribution of the ore over the tank. 
The solution is circulated by means of pumps up through the filter 
bottom at a rate of approximately 1500 gallons per minute. The 



Fig. 42. Inspiration Sand Plant. (Courtesy of Inspiration Copper Co.) 


complete cycle is 13 days, a tank being excavated and a tank being 
filled each day. Eight tanks are under acid contact at all times; 
three are being washed, one tank filled, and one excavated. The 
strong acid solution from the tank house, in which sulfuric acid and 
ferric sulfate have been regenerated and to which the required amount 
of new acid has been added, is delivered to the oldest ore under acid 
contact. This solution travels from tank to tank, being reduced 
constantly in solvent strength and increased in copper content until 
it emerges from the newest ore and flows back to the tank house. 
Bearing in mind the fact that ferric sulfate will dissolve metallic 
copper (see reaction 89), we find that the principal difference in 
operation between this plant and other large leaching operations is 
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that at Inspiration a deliberate effort is made to maintain the ferric 
sulfate concentration at a point high enough to dissolve the laige 
amounts of copper contained as chalcocite. This necessitates carry¬ 
ing a high percentage of total iron in solution, even though a high 
concentration of ferric sulfate is a decided detriment to electrolytic 
precipitation efficiency, hlanipulation of solution composition and 
strength to preserve an economic balance between the necessary 
strength of ferric sulfate for sulfide extraction and avoidance of the 
penalty incurred by iron in electrolytic precipitation efficiency pie- 
sent a delicate phase of operation. Although sulfuric acid is regener¬ 
ated in the tank house, it is not sufficient in amount to make up for 
waste in the system so that about 25 pounds of acid must be 

added per ton of ore. Furthermore, the acid concentration of the 
solution must be higher than necessary for the extraction of the 
soluble copper to prevent precipitation of the copper. ^ 

299 Washing. Washing (consuming 13 days) constitutes a very 
important problem. At the present time 3 days are used for wash¬ 
ing and every effort is made to wash out as much of the dissolved 
copper “ as possible. There are ten washes in all; the first five are 
termed regular washes and systematically advanced. The first w ash 
goes to the main solution system; the second wash becomes the first 
wash of the next tank to be washed; and so on in sequence^ 
fifth wash is taken from the iron launder stock solution taA ^ 
becomes the fourth wash on the next tank to be washed. Four iron 
launder washes follow. The first three of these washes come froin 
the iron launder stock solution tank, the used wash 
drained to a surge tank which supplies the iron launders^ 
all the copper is precipitated, and the total iron content is 

the expense of^pper, acid, and ferric sulfate. Norma ly a bateh 
wash is used that is, the entire wash water is pumped on the ore, 
Tirculld, af d the washed ore drained. That the method is succes - 
M is attested by the fact that the water-soluble copper eft m the 
telling" less than 0.005 per cent. Wash water volumes and 

1 Baum6 for liquids heavier than water ^0° = 1-^ 

Baum4 for liquid, lighlor than water : 10 P^r cent NaCl solution (1.08) 

r;rrorSd:yT„:^w”« 

?“p““n»qucX:’42,625 “ 

oer day (29.24 per cent of the daily production). 
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wash water advances must be carefully watched. A typical volume 
balance follows. 


Entering moisture (in ore) 

Gallons per 
Ton of Ore 
10.66 

Fresh water added as wash 

24.09 

Total incoming water 

34.75 

Moisture in tailing 

28.08 

Evaporation and other losses 

6.67 

Total outgoing water 

34.75 


300. Electrolysis. Electrolysis is carried out between starting 
sheet cathodes and hard lead anodes at a current density of 14 to 16 
amperes per square foot, with an electrode spacing of 4% inches from 
center to center of cathodes. Copper is deposited for about 5 days, 
yielding a cathode weighing 90 to 100 pounds. The changes in solu¬ 
tion in the tank house are indicated below: 

Alternating current kilowatt-hours per pound copper 1.306 


Cathode efficiency, per cent 71.68* 

Copper, grams per liter, in 33.3 

Copper, grams per liter, out 29.1 

Acid, grams per liter, in 18.6 

Acid, grams per liter, out 26.8 

Ferric iron, grams per liter, in 4.3 

Ferric iron, grams per liter, out 8.7 

Total iron, grams per liter, in 17.6 


* The efficiency in copper refining is of the order of 93 per cent. 

Note that no attempt is made to reduce markedly the copper content 
of the solution because of the presence of so much iron. Starting 
sheets are made in a special unit of sixteen tanks, set aside for the 
purpose. Blister copper anodes, cast from converter copper and rolled 
copper cathodes, are used. Refinery mud carrying gold, silver, and 
copper is washed to settling tanks, dried, and shipped to the gold- 
silver refinery. 

301. Solution Control. The strength of copper, acid, ferric sulfate, 
and other components cannot be held at any predetermined figure. 
Sometimes the copper content must be dropped below the desired 
strength to satisfy production requirements, and acid strengths are 
regulated to satisfy the acid consumption in the leaching division. 
The entire process is built around the production of ferric sulfate in 
the tank house, and of course this ferric sulfate is extremely detri- 
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mental to tank house efficiency. A general manipulation of solution, 
to^^ether with the arrangement to heat solution either preceding or 
foriowing electrolysis, constitutes a control of the ferric sulfate ba - 
ance The copper solution entering the tank house is naturally best 
for electrolysis in the first section and poorest m the last section. 

302. Cement Copper. Owing to the greater cost of the produc^^^^^ 

of cement copper (precipitated on tin cans), it is desirable to make as 
little of this as possible. Only copper obtained from the wash waters 
S precipitated L cement copper. The solution fiow m the tank rs m 
serL liid the time of contact is so regulated as to remove 
all thi copper and at the same time keep Uic consumption of non 
acid as low as possible (see reactions 90, 91, and 92). 

Metallurgical data covering this operation are given in Table 5 . 
Ca“m pulled about every 5 days and weigh 90 to 100 pounds. 

table 52 

Metallurgical Data rj * j 

caching o, Mi»d Oxide .ad Sulfide Or» (S.ad Pleat). Inspireti.a Coasol, dated 

rt irvp 


Feed, dry 

Fetid, copper as oxide 
Feed, copper as sulfide 
Feed, total copiier 
Feed on 4-mesh 
Tailing, eopi)er as oxide 
Tailing, eoiiper as sulfide 
Tailing, total copper 
Extraction, oxide copper 
Exlmction, sulfide copper 
Extraction, total copper 

Alternating current kilowatLhours per pound 
of eopiier 

Average ampere effieieney 
Iron consumed (xir pound of copper 
Copptir pnicipitated (as cement) per t.m of ore 
Total copper prtieipitaUid luir ton of ore 


2,105,791 tons 
0.638 per cent 
0.635 per cent 
1.273 per cent 
28.6 per cent 
0.010 per cent 
0.127 per cent 
0.137 per cent 
98.44 per cent 
79.91 percent 
89.24 per cent 

1.306 ♦ 

71.68 percent 
1.824 lb 
3.10 lb 
22.67 lb 


Total copper .. 

They ,trc n..l. mch-l l>"‘ 
f ,x,M(..rifil is given below: 


Cu 

IhO 

Insolulilo 


99.66 percent 

0.075 iier cent 
0.040 per cent 
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Fe 

Pb 

S 

Se, Te, Cl, Zn, Ni, Co 

Ag 

Au 


0.017 per cent 
0.016 per cent 
0.012 per cent 
trace 

0.045 oz per ton 
trace 


303. Problem. A leaching plant, using copper sulfate solution, has 152 
tanks with 77 cathodes (42 by 42 inches) in each tank. The electrode distance 
was 2 inches and the average resistivity of the solution was 5 ohms per centi¬ 
meter cube. In a 31-day month the plant produced 3,152,800 pounds of 
copper. The tank house was divided electrically into two circuits, each with 
a generator. The voltage across the tanks was 2.08 volts and the contact 
loss 0.10 volt. Deposition was at the rate of 0.92 pound of copper per kilowatt- 
hour. 

Required: 

1. The current density, in amperes per square foot. 

2. The current efficiency. 

3. The cubic meters of oxygen generated per day, and the amount of pure 
and of 60°B6 sulfuric acid formed. 

4. The output of each generator in volts and amperes. 

5. The voltage per cell absorbed in electrolytic conduction, in decomposi¬ 
tion, and in gas overvoltage. 

6. The power cost per pound of copper produced with power at $200 per 
kilowatt-year. 

7. The annual saving if it were feasible to use CuCl under the same plant 
conditions. 


Solution: 

(1) Kilowatt-hours required = _ 3 43Q qqq 

0*92 ’ 

Kilowatt-hours per tank = = 22,500 

Therefore 

22,500 X 1000 = I X 2.08 X 31 X 24 

I = 14,500 amperes 

42 X 42 

Area of cathode = —— = 12.3 square feet 

Area of 77 cathodes (both sides) = 2 X 77 X 12.3 = 1890 square feet 

Current density = = 7.72 amperes per square foot 

(2) Copper deposited per tank per month = = 20,700 pounds 

152 ^ 
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Energy theoretically required 


20,700 X 0.454 
63.6 
2 


296,000 faradays 


„ . , 14,500 X 31 X 24 X 60 X 60 

Energy actually required = --— gg ^qq 

= 402,000 faradays 
296,000 


Current efficiency 


402,000 


= 73 per cent 


3 800 

J) Copper deposited per day per tank = ~ = 102,000 pounds 

The reaction involved is 

CuS 04 + H2O —> Cu + H2SO4 + ^02 


(94) 


Moles of copper 


102,000 X 0.454 ^ ,^^5 


63.6 


Volume O 2 = —-8150 cubic meters 

It 

H2SO4 formed = 725 X 98 = 71,000 kilograms pure 

89,000 kilograms 60®B6 

89,000 ^ j QQQ 
1.72 


^ 4 ) Total current = 14.500 amperes 

Emf per generator = X 2.08 = 158 volts 

f 5 ) CuS04 + H2O -> Cu + H2SO4 + IO2 
194,650 68,380 0 208,000 0 

_ 194,650 + 68,380 - 208,000 ^ ^ ^g 
Theoretical decomposition voltage — 96,500 X 0.239 X 2 


7.72 

7.72 amperes per square foot — 12 X 12 X (2.54) 
square centimeter 

/ = I or 0.00826 = 5 2 X 2^^ 

E = 0.21 volt 

Decomposition 1.19 volts 

Ohmic drop 0.21 volt 

Contact 0.10 volt 

Overvoltage 0.58 volt 

Total 2.08 volts 


0.00826 ampere per 



( 6 ) 


SUGGESTED REFERENCES 
3,430,000 

Kilowatt-years per month ^ 365 


392 


392 X 200 = 7,940,000 cents per month 


7,940,000 ^ 2 52 cents per pound 
3,152,800 

Using CuS04, we have 

3,152,800 ^ g 427,000 kilowatt-hours per month (31 days) 
' 0.92 

3,427,000 ^ kilowatts 
31 X 24 

4610 X 200 = $922,000 per year for power 


Using CuCl, we have 


2 CuCl 

32,500 

23,060 


—> 2Cu "t" CU; 
= 1.41 volts 


AH = 32,500 


Total voltage = 1.41 -j- 0.21 -h 0.58 — 2.30 


Current = X 2.30 X 1.52 X ^ = 2550 kilowatts 


Power saving = (4610 — 2550)200 = $412,000 per year. 
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GOLD 

304. History. It is probable that gold was the first metal to at¬ 
tract the attention of man because it is one of the few metals found in 
a relatively pure state in nature. He discovered that it could go 
through fire without being blackened or harmed and it was the 
heaviest metal known until platinum was discovered in the sixteenth 
century. Since gold, when found, is frequently very beautiful, it 
appealed to primitive man as to a child. Moreover, unlike other 
metals, it does not tarnish on exposure to air; it is relatively soft, and 
can easily be hammered into shape for ornaments. The mystic may 
see something sinister in the power of gold for it is inextricably inter¬ 
woven with the civilization of the Eastern Hemisphere; nations have 
risen to great heights of power only to fall through the loss of virility 
in softer lives and luxury. The Conquistadores ^ in South America 
and the Argonauts ^ in California suffered untold hardships in seek¬ 
ing the metal. It has a beneficent side, however, for it has accelerated 
the subjection of the last frontier, and been the indirect cause for 
many technical advances. 

305. Economics and Statistics. The United States has always 
been one of the world’s important producers of gold, but, as indicated 
in Table 53, we have occupied a fourth place among the producing 
countries since 1939. This change has been caused, more than any¬ 
thing else, by the revaluation of gold. The price of gold in the United 
States, formerly fixed by law for many years at $20.67 per ounce, 
was repeatedly changed by presidential proclamation until, in Sep¬ 
tember of 1933, it stood at $30.00 per ounce. On January 31, 1934, 

the price was advanced to $35.00 per ounce, which price level has 
since been maintained. 

Even before the United States entered World War II gold produc¬ 
tion suffered from the impact of total war. The industry encountered 
rising costs, and man power shifted to the more lucrative war indus- 
important deterrent was the inability to compete 
with the war machine for materials and equipment. Late in 1942 

^The early Spanish conquerors of South America. 

hose who went to CaUfomia when gold was discovered there in 1849 
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even the higher wages being paid failed to divert the requisite num¬ 
ber of men to the mines and reduction plants producing the more 
important base metals. Finally on October 8, 1942, an order was 
issued by the War Production Board, which in principle suspended 
production of gold in the United States and its possessions. Although 

TABLE 53 

World’s Gold Production by Countries * 

(In Troy Ounces, Fine Gold) 



1910 

1918 

1921 

1929 

1932 

1939 

1944 

Union of South Africa 

8,144.076 

8,673,450 

8,385.055 

10,762,094 

12,735,979 

12,821,507 

12,277,228 

Canada 

494,674 

734,350 

955,250 

1,993,083 

3,050,581 

5,095,176 

2,885,474 

Japan and Chosen 

215,201 

425,000 

275,000 

. 510,167 

642,663 

1,760,000 

t 

Mexico 

1,164,634 

500,000 

702,000 

676,795 

584,487 

1.045,000 

508,882 


1,943,343 

500,000 

100,000 

1,033,592 

1,990,085 

4,500,000 

t 

United States 

4,647,083 

3.424,650 

2,404,700 

2,291,736 

2,219,304 

4,603,425 

1,022,238 

Totals 

22,637,358 

13,187,400 

15,847,000 

19,501,900 

24,150,761 

38,910,043 

27,070,000 

(World’s) 









{Reprinted by permietion of McGraw-Hitt Book Co.) 

• The Mineral Indutlry, McGraw-Hill Book Co. 
t Not available. 

for a time exceptions were made to meet “hardship cases” production 
of gold fell abruptly from 6,000,000 ounces in 1941 to about 1,000,000 
ounces in 1944. The order was aimed primarily at releasing skilled 
workers for the Western base metal mines. In 1945 this order was 
rescinded and gold mines once more resumed operation on an expand¬ 
ing scale although they still met the difficulties of increases in the 

cost of labor, materials, and equipment. 

In normal times the gold-producing states in this country are, m 
order of importance, California, the Philippine Islands, Alaska, South 
Dakota, Utah, Nevada, and Montana. 

306. Properties of the Metal. 

Atomic weight 
Specihc gravity 
Melting point 
Boiling point 

Coefficient of expansion (linear) 40°C 
Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 

Soeciflo heat ® ^ 


197.2 
19.3 
1063“C 
2630°C 

1.443 X 10-* 

2.26 microhms 

0.7003 cal/sq cm/om/‘’C/se( 

2.5 

16.30 cal/gram 
, 0.0316 oal/gram/‘’C 
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307. Marketing and Stocks. Prior to 1933 gold was bought and 
sold freely in the form of small ingots containing 1000 to 2000 Troy 
ounces, but since that date such transactions can be made (jtily under 
government license. These regulations and the high jirice of gold 
have resulted in this country’s greatly increasing its reserves of gold 
bullion (most of it being stored at Fort Knox, Kentucky) until on 
December 31,1944, 589,105,855.2 ounces (roughly 20,000 tons) valued 
at over $20,600,000,000 were so held.^ 

308. Uses. The chief uses of gold are in coinage, jewelry, dental 
alloys, gold-coated base metal, and scientific instruments, fhild can 
be hammered into foil only 0.000005 inch thick and as such is com¬ 
monly used for decorative purposes. It finds some use as containers 
and pipe in the manufacture of special chemicals. 

309. Alloys. Gold, as well as silver, is nearly always used in the 
form of alloys, not as a pure metal, because for most industrial {Pur¬ 
poses pure gold is much too soft as well as too exjpensive. Tlie i)r(){)- 
erties of these alloys, however, are still those of the precious metal 
so that they have come to be regarded not as alloys but as dilTercnt 
grades of gold and silver. The quantity of gold in an alloy is not 
ordinarily expressed as a percentage, as with other metals, but in 
terms of “fineness” or more commonly on a “carat” basis. Abso¬ 
lutely pure gold is known as 1000 fine, and 900 fine indicates that the 
alloy contains 90 per cent of gold. On a carat basis j)ure gold is 24 
carat; 18-carat gold contains 75 per cent of gold, or is 750 fine. The 
gold coins in this country are 900 fine, those in England are 916-’'3 
fine. The gold used in jewelry is commonly only 14 or 16 carat. The 
best grade is 18 carat. Cheap grades may be as low as 8 to 10 carat, 
or be plated or “washed” with a thin film of higher-grade alloy. Gold 
is usually hardened by the addition of both silver and copper except 

iThe rate at which this store was increased is shown by the fact that during 

the period from January 1, 1939, through February, 1940, the following gold 
imoorta wprf» mo Ho- ® ® 


United Kingdom 

Canada 

Japan 

Australia 

India 

South Africa 

China 

Russia 

France 

Germany 


$1,845,000,000 

664,671,000 

203,284,000 

80,404,000 

60,698,000 

43,067,000 

33,548,000 

5,500,000 

3,798,000 

318 
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in coinage, where copper alone is used. White gold is properly an 
alloy of gold and palladium (75 per cent of gold, 25 per cent of palla¬ 
dium), but a cheaper alloy can be produced containing 14 to 19 per 
cent of nickel. Dental wire alloys contain 57 to 65 per cent of gold, 
the remainder being silver, copper, platinum, and palladium, whereas 
the casting alloys contain 80 to 100 per cent of gold. 

Because of its high cost and specific gravity, efforts have been 
made to alloy gold with the light metals, but without success. Gold- 
coated base metal, however, is commonly used. Although the char¬ 
acteristics of electroplated coatings are obvious, some confusion exists 
as to the terms “gold filled” and “rolled gold.” They refer to the 
affixing, by soldering, brazing, welding, or other mechanical means, 
of a layer of carat gold to one or both sides of a base metal and this 
composite one rolled or drawn to thinner dimensions. “Qualities” 
are designated by marks which state in terms of fractions and carats 
the correct proportion of the weight of the alloyed gold coating to the 
weight of the entire metal in such articles and the actual carat fine¬ 
ness of the entire gold covering, thus: “1/10 12 kt. gold filled” means 
that the article consists of base metal covered on one or more sur¬ 


faces with a 12-carat gold alloy comprising 1/10, by weight, of the 
entire article. 

310. Ores. Gold is very widely distributed in nature in both the 
native and the combined form. The native metal occurs as grains or 
particles disseminated through veins of quartz and other rocks, 
Native gold is invariably alloyed with more or less silver, but it is 
exceptional to find other metals in this alloy. Gold frequently occurs 
in small quantity in various ores of lead, copper, and less frequently 


The sources of our domestic metal are indicated in Table 54. 
Note the changes brought about in 1944 by wartime restrictions and 


zinc. 


changes. 

The lowest-grade gold ores mined today, from beneath the surface 
of the earth, are those of Juneau, Alaska, where the average content 
is about 80 cents per ton, but by large-scale (10,000 tons per day), 
economical, and efficient mining and milling methods this plant has 
been profitable. However, some very high-grade ore has been found 
in the past; for example, a shipment of 47 tons from the Mohawk 

1 The avornRe yield from copper ores produced in the United States in 1943 
was 0.0063 ounce of gold and 0.102 of silver (combined value *0.34 per ton). Of 
the 1,022,238 ounces of gold produced in the United States m 19 , a p 
duced 353,660 ounces, followed, in order, by Arizona, Nevada, California, and 

Colorado. 
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mine in Goldfield, Nevada, on February 9, 1907, returned $574,958.39 
for the gold and silver (about $12,200 per ton). 

When gold ores are broken up by weathering and disintegration 
the gold is freed and, since it is not attacked by ordinary solvents, is 
concentrated by the streams and rivers in deposits of placer gold, 
often of considerable extent and value. It was gold of this description 
that first attracted the Argonauts to California and opened up our 
great West. When gold dredging is possible, material containing 


TABLE 54 

Gold Produced in the United States, by Sources * 
(Per Cent of Total) 



1910 

1918 

1921 

1929 

1932 

1938 

1944 

Placers 

23.76 

26.31 

28.89 

19.83 

23.37 

27.85 

12.4 

Dry or siliceous ores 

68.91 

61.97 

66.02 

52.17 

69.53 

62.20 

29.8 

Copper ores 

5.77 

8.75 

2.25 

22.24 

4.24 

7.90 

45.4 

Lead ores 

1.18 

1.75 

2.64 

1.81 

0.68 

0.43 

0.9 

Zinc ores 

0.07 

0.16 

0.003 

0.06 

— 

_ 

0.8 

Cu-Pb or Cu-Pb-Zn 







ores 

0.02 

0.11 

0.007 

0.19 

- 

_ 

1 ^ 

Pb-Zn ores 

0.29 

0.95 

0.19 

3.70 

2.18 

1.62 

|10.7 


* Reprinted by permission of Mineral Resources. 


only 4 or 5 cents in gold per ton can sometimes be dredged at a profit. 
As a matter of fact, the average of one large dredging operation in 
California is less than 3 cents per cubic yard, equal to about 2 cents 
per ton. This placer gold ranges in size from minute flakes, so small 
that they will scarcely settle in water, up to masses or nuggets many 
thousand ounces in weight.^ Incidentally, a fairly rich ore may have 
the appearance of ordinary rock without any visible metal, so finely 
divided IS the gold. The amount of gold in an ore or metallurgical 

product may be expressed as so many ounces per ton,^ grams per ton 
or dollars per ton. ’ 


weired “ 1858. 

eighed 2195 ounces, and was valued at about $41,000; the “Hill End” nugget 

by'Tfeet bvT ’ weighing about 600 pounds (3 feet 

by 4 feet by 4 inches) and was valued at $148,000 

2 1 ounce per ton = 0.003429 per cent. 
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EXTRACTION OF GOLD FROM ITS ORE 

311. General. Gold may be extracted from placer deposits by the 
simple process of gravity concentration^ in which advantage is taken 
of the great difference in specific gravity between gold (19.3) and the 
average gangue (2.6). Gold that is chemically combined, or very 
finely disseminated through an ore, cannot be as easily recovered; in 
fact, some complex ores are still awaiting an entirely satisfactory 
process. Gold usually occurs with silver, but in those ores in which 
it is the principal metal it may be recovered by the following proc¬ 
esses; (1) amalgamation, (2) chlorination, (3) cyanidation, (4) 
combinations of amalgamation, gravity concentration, oil flotation, 
roasting, and cyanidation, and (5) smelting with lead or copper ores. 


CRUSHING OF GOLD ORES 


312. General. Before the ore can be treated by any of the above 
processes it must be crushed and ground to such a fine state of sub¬ 
division as to free the gold particles for concentration or expose them 
to the action of some solvent. Some ores are sufficiently porous that 
crushing to 10 mesh is fine enough; others are so finely disseminated, 
or of such a refractory nature, that they must be “slimed” or ground 
to pass a 200-mesh screen. This size reduction may be carried out in 
a variety of machines. Coarse crushing is usually carried out in 
gyratory or jaw crushers, grinding in stamp mills, ball mills, rod 


mills, or tube mills. 


AMALGAMATION 


313. General. When clean gold is brought in contact with liquid 

mercury it “amalgamates,” that is, mercury alloys with the surface 
gold to form a mercury-coated particle having surface properties 
similar to those of mercury.^ Such amalgamated particles coalesce 
or cling together, much as drops of pure mercury collect into a larger 
body, with the result that such particles may be absorbed into a 
plastic mass known as “amalgam.” A subsequent separation between 
the gold and mercury may be effected by the simple process of dis¬ 
tillation. . ,1.1 

314. Amalgamation Plates. The amalgamating table takes the 
form of a Vs-inch copper plate, 6 to 20 feet in length by 30 to 50 inches 

1 The “Golden Fleece” of mythology may have been sheepskins, which, sub¬ 
merged in streams, caught the particles of gold as the gravel and sand passed 

over them. 

2 The solubility of gold in mercury at lOO'C is 16.7 per cent. 
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in width, supported on an inclined plane and covered with a suitably 
prepared amalgamated surface. Over this plate flows finely divided 
ore and water from the grinding unit (stamp mill, a ball mill, or a rod 
mill). The preparation of this amalgamating surface is very impor¬ 
tant because on the consistency of the amalgam depends to a large 
extent the recovery of the gold. These plates are usually first plated 
with silver (2 ounces per square foot), cleaned thoroughly, and then 
coated with mercury to the proper consistency. 

315. Operation. The consistency of the pulp from the fine grind¬ 
ing section is so regulated that the ore flows down over the plate in 
ripples, no part being allowed to become dry. These plates are 
usually dressed” about every 4 hours with fresh mercury in order 
to keep the surface in proper condition. The saturated amalgam is 
removed from time to time with a small scraper or hoe; fresh mercury 
is again added from a perforated flask, worked into the pores of the 
amalgam; and the whole surface is brought back to the proper con¬ 
sistency. 

The recovery of gold by amalgamation is rather low, ranging from 
40 to (under exceptional circumstances) 70 per cent of the total gold. 
The chief losses may be due to any one of the following causes: 


.1. Float gold so finely divided that it is swept along with the pulp 
into the tailings. 

2. Rusty gold covered with iron oxide or gangue so that the mer¬ 
cury does not have an opportunity to act upon it. 

3. “Fbured” mercury (covered with a film of oil, grease, or oxide) 
which carries along with it some dissolved gold. 

4. Mechanical loss of amalgam (kept too “wet”). 

5. Particles of ore containing gold. 

6. Losses in snifides and tellurides which are not amenahle to amal- 
gamation. 

7. Loss in the tailing. 


lost of r “sed, the 

treated (m^cury normally costs 60 cents to 11.25 per pound) On 
recOTOT*of tW Th\^“f P''P“>"i‘y because of the low 

process whenever a considerable portion of the gold may be thus 

of the pld, m this way, than it is to go through the long and XiX 
expensive process of cyanidation. relatively 
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CHLORINATION 

316. General. Although it is true that the chlorination process for 
the recovery of gold from ores is obsolete in this country, mention 
is made of it at this time because of its possibilities in connection 
with the recovery of other metals. Already an attractive process 
(Article 420) has been developed for removing small amounts of zinc 
from lead by means of chlorine. 

The chlorination process for the recovery of gold depends upon the 
fact that chlorine combines readily with gold to form a soluble chlo¬ 
ride. In the old process chlorine was generated from bleaching pow¬ 
der and the gold precipitated from the solution with hydrogen sulfide 
and smelted to bullion. The process was carried on in either a barrel 
or a large vat. The recovery of gold was frequently as high as 95 per 
cent of the contained metal, but by 1940 it had been completely dis¬ 
placed, in this country, by the flotation process, cyanidation, or a 

combination of these two. , . . x- • 

Although chlorine appears to have lost ground, it is a question in 

the author’s mind whether the great decrease in the price of the gas 
and the large quantities available as a result of the developments of 
World War II do not warrant further investigation of the possibili¬ 
ties of the applicability of chlorine to present-day metallurgy. I 
has been notably successful in some of the new processes ™8- 
nesium) and may well be extended to gold, silver, and other base 

the cyanide process 

317 General This process depends upon the fact that when finely 
divided gold ore is treated with a dilute solution' of potassium or 
sodium cyanide the gold and silver are readily dissolved, leaving 
most of tL base metal compounds unaffected. A separation can be 
Tade suLequently between the “pregnant- or valuable solution and 
the worthless gangue and the gold precipitated from the former com 
pttX“8 rather pure state. The cyanide process may be re- 
Lrdcd as one of the major metallurgical discoveries of all time. It 
tas the result of the efforts of three zealous experimenters in a poor y 
equipped laboratory in Glasgow, Scotland, over 
X S, McArthur, a metallurgical chemist, and to E. . 

W Forrest, doctors of medicine, the cyanide P™® 19 

It gold ow^s ita origin. Their first patent bears the date October 19, 

1 1„ general the strength range, between 0.01 and 0.10 per cent NaCN but ma, 
in certain cases rise to 0.6 per cent. 
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1887, and a year later, on May 14, 1889, patents were taken out in 
the United States. The first commercial cyanide plant was erected at 
the Crown mine at Karangahake, New Zealand, in 1889. In 1890 the 
process was introduced on the Rand in South Africa, and the first 
cyanide plant appeared in this country in 1891. Statistics show the 
rapidity with which the process was accepted, even in its infancy, 
for from $6000 in 1890, the first year of cyanidation, the value of 
gold recovered by this process increased to $6,000,000 in 1893. 

Sand and slime were first separated from one another because slime, 
in the early days, was difiicult to handle. Later, however, the tend¬ 
ency has been toward "all sliming” processes. Mechanical agitation 
was first used alone, but in recent years the tendency again has been 
entirely toward the Pachuca and Dorr type of pneumatic agitators. 
As a matter of fact, such developments in the cyanide process have 
made material contributions to many other branches of technology 
because the apparatus and processes so developed have been extended 
to other fields of endeavor, particularly in industries where finely 
divided solids suspended in liquids must be treated. 

318. Chemistry. Ever since the cyanide process for gold and sil¬ 
ver extraction was introduced, discussion concerning the reactions 
involved has been spirited. It remained for the metallurgists of the 
American Cyanamid Company to work out these reactions on a sound 
fundamental basis. 

In its simplest form the reaction for the dissolution of metallic gold 
in dilute cyanide solution is 


Au -f- 2CN- Au(CN) 2 - + e (1) 

It has been observed in practice that gold does not dissolve without 
intense aeration; consequently, the fohowlng reactions have been pro- 
posed to account for this dissolution: 

4Au + 8CN- + 0 , + 2 H 2 O ^ 4Au(CN) 2- + 40H- (Eisner) (2) 
2Au + 4CN- + 2 H 2 O 2Au(CN) 2- + 20H- + Ha (Jannin) (3) 
2Au + 4CN- + 2 H 2 O + O 2 


2Au(CN)2 + 20H-+ H 2 O 2 (Bodlaender) (4) 

2Au + 4CN- + H 2 O 2 2AuCCN) 2- + 20H- (Bodlaender) (5) 

The workers referred to above determined the free energy of the auro- 
eyamde ion, Au(CN) 2 - as 69,064 calories (lor methods^lo^d™^ 
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Chapter 29). With other available data, the equilibrium constants of 
the various equations proposed above have been calculated as follows: 

Eisner’s equation—K = 10®® 

Jannin’s equation—K = 10“®'® 

Bodlaender’s equation—K = lO'® and 

On this basis it is reasonable to infer that Eisner’s equation given 
below is the proper one. 

4Au + 8KCN + O 2 + 2 H 2 O 4KAu(CN)2 + 4KOH (6) 

There is always a considerable consumption of cyanide, ranging fiom 
0.25 to 0.5 pound of sodium cyanide per ton of ore (at 15 to 18 cents 
per pound), through mechanical loss and combination with “cyani- 
cides,” as indicated by the following reactions: 


2 NaCN + H 2 SO 4 
NaCN + CO 2 + H 2 O 


2HCN + Na2S04 
HCN + NaHCOs 


(7) 

( 8 ) 
(9) 


Fe + 6NaCN + 2 H 2 O Na 4 Fe(CN )6 + 2NaOH + H 2 
2Cu + 4NaCN + 2 H 2 O Na2Cu2(CN)4 + 2NaOH + H 2 (10) 

Either caustic soda or lime (usually the latter because it is cheap 
and easily obtained) is used to neutralize the acidity of ore and to 
overcome the bad effects of these cyanicides. Usually an additional 
amount over and above that necessary for the reaction is added to 
provide for further decomposition and maintain proper chemical an 
physical conditions. The amount added, expressed in terms of pounds 
of calcium oxide per ton of ore, is called ‘‘protective alkalmity. - 
though an excess of lime protects sodium cyanide from hydrolysis, if 
present in too great amounts, it may, especially with sulfide ores, 
slow up dissolution of gold. Alkalinity must, therefore, be carefuUy 
controlled, and it is generally best to maintain it at the lowest possible 
point consistent with good recovery. The action of this lime in ne * 
tralizing the decomposition products is shown by the following equa- 

H2SO4 + CaO CaS 04 + H2O (H) 

CaO + CO 2 -♦ CaCOa (^2) 

Other common constituents of ores which consume cyanide are 
arsenopyrite, sphalerite, chalcopyrite, pyrrhotite, pyrite and stibnite 
With th^o exception of stibnite, these minerals, if unoxidized, can 
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successfully treated when proper alkalinity and low cyanide concen¬ 
trations are maintained. Stibnite is particularly harmful because it 
acts as a mild acid to combine with the alkaline cyanide. It is best 
to roast such ores and eliminate the antimony as an oxide, but even 
this operation should be carried on carefully; otherwise some metal 
may be reduced, the gold entrained within it and thus lost in the 
leaching step. Carbon dioxide from the air also reacts slowly on 
cyanide, and any excess of zinc added in the precipitation process 
combines directly with it. 

PREPARATION OF THE ORE 

319. General. The nature of this step depends almost entirely 
upon the nature of the ore and the state of division of the gold. In 
some ores the metal occurs in fairly coarse particles, or the ore is 
porous enough to permit the cyanide solution readily to penetrate the 
particles and dissolve the gold. An excellent extraction may be ob¬ 
tained with such ores when crushed to pass a 30-mesh screen. With 
other ores the gold is so finely divided, or the gangue so dense and 
impermeable to the solution, that in order to free the gold the ore 
must be reduced to a very fine state of division,^ let us say so that 90 
per cent will pass a 200-mesh screen. Such an ore is said to have 
been slimed, and the scheme of treatment is called the sliming process 
in contradistinction to sand leaching. 

The ore may either be ground in water and the cyanide added later 
in lump form or it may be kept in contact with the cyanide solution 
during the entire grinding period. Milling in water washes out soluble 
cyanicides, and lime may be added to neutralize latent acidity (in 
some cases saving much cyanide). Amalgamation may thus be 
earned on in advance of contact with the cyanide. Crushing in 
cyanide solution complicates the sampling of the heads owing to dis¬ 
solved values, but it has many advantages because dissolution of the 
gold begins as soon as the ore enters the mill, in fact 50 to 75 per cent 
of the gold may be dissolved before the pulp enters the agitators. On 
the whole, the tendency is entirely toward crushing in cyanide solu¬ 
tion. It IS worthy of note at this point, as well, that the tendency is 
away from the use of stamps and toward the more complicated, but 
more efficient, flow sheets involving rod, ball, and tube mills. 

t The flotation process has made such rapid 

strides that it may be considered a competitor of, as well as an ad- 

^Note the grinding at the Lake Shore Mill, Article 339. 
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junct to, the cyanide process. In many gold ores only a part of the 
gold is in the form of fine free metal, the remainder being dissolved 
in, or being a part of, the base metal sulfides. Pyrite, arsenopyrite, 
and the sulfides of copper are commonly gold-bearing. Frequently 
they are associated with cyanicides such as compounds of antimony 
or oxidation products. 

In deciding whether or not to use the cyanide or the flotation proc¬ 
ess, the first and most important consideration is the net profit. As 
a rule, the initial cost of building a flotation plant is considerably less 
than that of a cyanide plant of the same capacity. Likewise, the 
operating cost of flotation is usually less than that of cyanidation. 
One must not overlook in this connection, however, that by flotation, 
the precious metals are recovered in the form of a concentrate which 
must either be shipped to a smelter or cyanided under special condi¬ 


tions at the plant. 

By 1946 flotation was firmly established in this secondary role, and 
it appears likely that the process will serve its most useful function, 
not as a competitor, but in the role of an accessory process in con¬ 
junction with cyanidation. In this way, a concentrate of small bulk 
and high value can be recovered and treated as a separate product 
under different solution conditions and bring about a much higher 
overall recovery at a somewhat lower cost. Frequently the gold 
cannot be recovered from the sulfide materials until it is reduced 
to a much finer state of subdivision than that of the great bulk of 
the ore, in wliich case this finer grinding may be carried on much 
more cheaply with the smaller tonnage. Flotation may also prove 
to be a very attractive process for the removal of such minerals as 
stibnitc, copper-bearing sulfides, tellurides, and other compounds 
which require roasting before cyanidation, as well as serving to reduce 
the tonnage passing through the furnaces. Even when the recovery 
of gold and silver from such ores by flotation is low, it may still be 
advantageous to remove the minerals that interfere with cyanidation, 
cyanide the main portion of the ore, and then recover the precious 

metals by cyaniding the concentrate. i a 

Whether the concentrate is obtained by water gravity or by flota¬ 
tion, its disiiosal must be considered in the light of both metallurgical 
and economic conditions. In general, it can be said that ocal treat- 
mc'nt is preferable, but proximity to a smelting plant, low ^ra^spoita- 
tion rnto, an.l low smelting elmrges may favor the Bhipment of the 
conccntrntoB as against making a capital outlay for a loca p 


and treatment. 
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321. Sand Leaching. In the early days of cyanidation it was 
necessary to separate the ore into two products, a sand and a slime, 
for the slime could not be treated by the leaching processes about to 
be described. It is difficult to define accurately the term “slime.” It 
usually refers to colloidal material, “superfine particles,” which can 
neither be leached nor settled readily. Slime contains ordinarily the 
more basic and hydrous constituents of the ore, especially limonite, 
and hydrous silicates of alumina and magnesia, such as kaolin and 
chlorite. “All sliming” is a term loosely applied in the industry to 
the grinding of an ore to pass 200-mesh—sometimes extended to 100- 
or even 80-mesh—the general idea being to insure a product which 
can be easily kept in suspension during agitation. 

Sand leaching is carried out in vats with filter bottoms, the filtra¬ 
tion being effected by gravity, although in some cases it may be aided 
by the application of a vacuum beneath the filter bottom. The 
“leaching rate” is measured by the fall per hour of the surface of the 


solution standing over the charge in the tank, and should be not less 
than 1 inch per hour. The vats are cylindrical, built of steel or wood 
(redwood or cypress being preferable because of its durability). A 
ring of wood is placed around the bottom of the tank about 1.5 inches 
from the sides, forming an annular channel to accommodate a rope 
used to secure and stretch the filter. The space inside this ring is 
occupied by a form of wooden grill of the same height as the annular 
channel. Upon the strips forming this grill is laid a layer of cocoa 
matting fastened by staples. Over this is stretched the filter proper 
of heavy canvas, somewhat larger than the tank bottom. 

Leaching tanks may be filled with current mill pulp, dry sand, or 
even crushed ore. The main consideration is to secure uniform distri¬ 
bution and permeability in order to avoid the formation of channels 
and consequent uneven leaching. Discharge openings may be placed 
in the sides or bottoms of the vats, ordinarily in the latter position 
since the sand may be more easily sluiced out with a hose, particu¬ 
larly If the bottoms are given a slight slope toward this discharge 
opening. ^ 

The manner of carrying out the leaching varies considerably If 

tbp settle and 

the water decanted off before the cyanide solution is applied It is 

usually customary to divide these leaching solutions intoTwo or three 

classes because the gold dissolves rapidly, especially from the fine 

are b solutions in the early stages of leaching These 

are best treated separately for the recovery of the gold. 
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SLIME TREATMENT 

322. Decantation. In simple decantation the material is agitated 
with cyanide solution in the vat and allowed to settle, the super¬ 
natant, clear liquid decanted off by a swinging pipe or hose supported 
by a float. This liquid may then be replaced by barren or low-grade 
solution; mixing, settling, and decantation are repeated and another 
solution is taken off; finally the material may be washed with water. 
Another modification is the continuous or series treatment in which 
the pulp is transferred through a series of three to six tanks, main¬ 
taining it in agitation, thus saving the time occupied in emptying, 
filling, settling, and stirring the material as well as avoiding the loss 
occurring between tanks. Simple decantation, except in very small 
and isolated plants, has been given up in favor of the continuous or 
series treatment or of continuous countercurrent decantation. 

323. Continuous Countercurrent Decantation. Another agita¬ 
tor enjoying considerable popularity, particularly in connection with 
the countercurrent decantation, is the Dorr. It is a development 
of the Dorr thickener, one difference being that the rakes revolve at 
one to three revolutions per minute instead of once every 5 to 10 
minutes. They are mounted on a central revolving shaft which is 
hollow and carries, besides the arms at the bottom, a pair of launders 
at the top. The bottoms of these launders are perforated at regular 
intervals so that the pulp may be distributed evenly over the surface 
of the pulp in the tank. The hollow central shaft is somewhat 
larger than that in the standard Dorr mechanism and serves as an 
air lift to transfer the pulp from the bottom to the top of the tank. 
In operation the pulp flows in continuously at some point in the 
periphery of the tank and is led l^y a down-cast pipe almost to the 
bottom. Actually there is very little agitation by the slowly revolv¬ 
ing arms so that the pulp settles to the bottom, is gathered by the 
rakes to the center of the tank, and elevated by the air lift to the 
revolving distributor. It makes this circuit a number of times be¬ 
fore being replaced by fresh material. 

The continuous countercurrent decantation system (developed 
about 1901) has already been discussed in connection with the chap¬ 
ter on copper. The system as applied to gold ores is shown in Fig¬ 
ure 43, greatly simplified for illustration. The mill in question 
is treating 100 tons of gold ore per day and $10,00 of this gold 
is dissolved from each ton of ore. Most of the dissolution takes 
nlace in grinding, the remainder in the three agitators. The 
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ball mill discharge is sent to thickener j, the overflow of this thickener 
(it being the richest solution) to precipitation. The spigot of j is 
sent to the agitators, passes through them, and is washed in the 


Gold Ore 


(a) 


Mill 

Agitator 
Thickener o 
“ d 

•• e 


ThicHener/ 
Wash water 
Solids to waste 
Precipitation 
Thickener j 



countercurrent thickeners (c, d, e, /). Barren solution is added to 
thickener e and water (in an amount sufficient to make up losses) 
to thickener /. The discharge of / usually goes to waste, although 
in certain instances this spigot is first filtered to remove the last of 
the soluble gold and free cyanide. The spigot products contain 50 
to 70 per cent moisture, filter products 15 to 35 per cent. 


filtration 

324 . General. In filtration a separation is effected between the 
valuable (“pregnant”) solution and the worthless residue. Filtra¬ 
tion IS used instead of the countercurrent decantation system wher¬ 
ever required by metallurgical or economic conditions. On the whole 
It is a more positive and effective method than decantation. It 
should be noted that some leaching may take place in the filter press 
owing to the higher pressures employed. It is one of the most im¬ 
portant and yet difficult steps in the whole cyanide process for not 
only must this separation be as nearly complete as possible but also 
the cost of the operation should be low. Furthermore, it would be 
fairly easy to carry out the separation if it were possible to use a 
large amount of wash water, but actually we are limited in this re- 
spect by the capacity of the system. The nature of the pulp to be 
filtered has much to do with the type of filter and the degree of 
Recess of the operation. Notwithstanding that a pulp with a high 
percentage of fine material is very hard to filter, since 1920 there 
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has been a distinct tendency toward “all sliming.” Both vacuum 
and pressure types of filters are used. 

325. The Choice of a Filter. This will be governed entirely by 
the nature of the ore and by local conditions; consequently, no 
single filter is a panacea for all our filtration ills. For larger instal¬ 
lations handling pulp at ordinary temperatures and with not too 
great a percentage of finely divided material, the vacuum type is 
very economical and has a large capacity. With pulp containing 
high percentages of clay or colloidal material the cake produced is 
thin, the capacity correspondingly decreased, and the moisture in 
the cake considerably higher than that obtained with pressure filters. 

The pressure presses such as the Kelly and the Merrill are un¬ 
doubtedly more expensive to operate than the vacuum type. They 
not only consume large quantities of compressed air, which in turn 
calls for a considerable investment in machinery, but the filter 
medium is also subject to more intensive service; and the press be¬ 
ing intermittent in action has a much smaller capacity per cubic 
foot of plant space than other types. They are especially adapted 

to handling hot, corrosive solutions. 

326. Acid Wash. A large item in the cost of filtration is the filter 
medium; consequently, it is necessary to prolong the life of this as 
much as possible. In handling cyanide pulps, compounds of cal¬ 
cium, aluminum, and zinc deposit on the canvasses of the press, 
thus obstructing the flow of solution and materially lengthening the 
cycle. It is common practice to treat the canvasses at the end 
of 3 or 4 weeks of operation with a dilute solution of hydrochloiic 
acid which dissolves a part of the deposit, dislodges the rest, and 
materially shortens the current cycle. The acid, however, weakens 
the fabric and reduces its life. 


PRECIPITATION 

327. Clarification. The solution from which gold is to be precipi- 
tatccl must be absolutely elcar and free from auapended matto; 
otherwise any aollda present arc collected along with 
suiting In a loss of metal In the refining operation, a high cost o 
refinli, and a low-grade bullion. Even under the best ““^itions 
and with the most careful operation, some slime passes throng 
with the filtrate from leaching, filtration, or decantation. I^prop 
erlv adjusted filters, torn cloths, and careless workmen never ca 
be ^avoided. It is therefore always advisable to interpose, e we 
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the main filtration plant and the precipitation unit, as a safety meas¬ 
ure, a clarification or secondary filter. 

The simplest clarifying device is a sand filter consisting of a cir¬ 
cular tank with a filter bottom covered with about 6 inches of clean, 
30-mesh siliceous sand. Slime collects on top of this sand in the form 
of a thin film and, if the presses are in good condition, the life of 
such a bed may be several days or even weeks. In cleaning, it is 
necessary only to skim off about one-fourth inch of the top sand, 
which can then be washed, dried, and used again. The disadvan¬ 
tage of such an installation, particularly in large plants, is that the 
tanks occupy a large amount of valuable plant space. 

Of the filter presses used for clarification, those of the plate and 
frame type are probably best because, with pressure, very large 
amounts of solution can be handled and the press need be opened 
only at long intervals. 

328. Precipitation in Zinc Boxes. Five methods of precipitat¬ 
ing gold and silver from cyanide solutions have been used: zinc, 
aluminum, charcoal, sodium sulfide, and electrolysis. The reactions 
involved are: 


2NaAu(CN)2 + 4NaCN + 2Zn -|- 2 H 2 O -> 

2Na2Zn(CN)4 -f- 2Au -f H 2 -f 2NaOH (13) 

3NaAu(CN)2 -f 3NaOH -f- A1 -> 3Au + 6NaCN + Al(OH )3 (14) 

2NaAu(CN)2 + Na 2 S AU 2 S -f 4NaCN ( 15 ) 

Although electrolysis has attracted many inventors, in attempting 
0 precipitate the gold as pure metal or amalgam, zinc in the form of 
either shavings or dust is almost universally used today for the re¬ 
covery of gold and silver from cyanide solutions. For complete 
precipitation 1 ounce of gold requires theoretically about 0.17 ounce 
of zinc 1 ounce of silver, 0.30 ounce of zinc. In practice, how- 
ever, the consumption is more often a function of the tonnage and 
the nature of the ore, ranging from 0.05 to 0.10 ounce per ton tor 
go d or® to 10 to 20 ounces per ton for silver ores. In small plants 

ried out in T f precipitation may be car¬ 

ed out in sine boxes, shown in Figure 44. A zinc box contains five 

merhasTw b”« ’ ^ >=ach compart- 

P . hese shavings should be fine and threadlike to provide 
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i maximum surface per unit of weight without being fragile enough 
,0 break in handling. The compartments are arranged in cascade 
ind the partitions between the boxes so disposed that the flow is by 
j-ravity, the cyanide solution passing up through the zinc. The last 
jompartment is often left empty to act as a settler for the precipi¬ 
tated gold. Each compartment is provided with an outlet pipe for 





a Frame 
b Zinc shavings 
0 Screen 

d Pregnant solution 
e Plug 

/ Clean-up leunder 
g Barren solution 



Fia. 44. Zinc Boxes. 


removing the solution and collecting the precipitate at clean-up 
time. Usually two series of boxes are provided so that one may 
be used while the other is being cleaned. Boxes, and the connecting 
launders, should be provided with locked covers to prevent theft 
of the precipitate. As the zinc in the compartment is dissolved, zinc 
in the lower compartment is transferred to keep the first fun, and 
fresh zinc is added to the lower compartment. One great difficuiy 
experienced in zinc box precipitation is the formation of a wbte 
precipitate, which coats the zinc and seriously interferes with the 
Lcipitation of the precious metals. This precipitate consists of 
hydroxide, cyanide, and zinc potassium ferrocyanide The 
principal conditions for efficient zinc box precipitation are: (1) tree- 
Lm of the entering solution from solid matter m suspension, ( ) 
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the presence of a sufficient amount of free cyanide, (3) the presence 
of sufficient free alkali, (4) the absence of an excessive amount of 
foreign salts, particularly those of copper and iron, (5) a regular 
and uniform flow of solution through the boxes, (6) a sufficient vol¬ 
ume of zinc per ton of solution precipitated, and (7) a clean un¬ 
oxidized surface of zinc. 

The boxes are cleaned either once or twice a month, depending 
upon the richness of ore; the flow of the solution to the boxes is 
stopped and water run in to replace the cyanide and to prevent 
resolution of the gold. The zinc shavings are lifted out by hand, 
agitated in water so as to dislodge the precipitated gold, and placed 
to one side. When all the zinc has been removed, the precipitated 
gold is taken from the tank and refined by one of the methods 
described later. The zinc box is then refilled, fresh zinc supplied 
to make up any deficiency, and the box returned to the circuit. 

329. The Merrill-Crowe Precipitation Process. This process, 
particularly in large modern plants, has practically replaced the old 
zinc boxes because far less trouble is experienced with the formation 
of calcium sulfate and white precipitate and a less laborious and 
costly clean-up is required. This process is shown in diagrammatic 
form in Figure 45. 


For effective precipitation great care must be exercised in main¬ 
taining proper clarification, deaeration, and chemical control. The 
solutions must contain enough free cyanide to dissolve the zinc and 
hold in solution the compounds formed. The principal objection to 
high cyanide as well as lime is that the former is the cause of high 
zinc consumption and the latter tends to coat over the zinc and slow 

bv ITZh f sold solutions is accelerated 

i Z or nitrate) to 

film on th”' • ^7® precipitates as a metallic 

m on the zinc thus creating a galvanic couple, with more rapid 

and nearly complete precipitation of the gold as well as a lower zinc 

consumption. Such additions are not always necessary because 

any ores supply sufficient silver or base metal. In the zinc dust 

of -iSL s* 

rapid that these side reactions seldom go on AnntViAr f 

^cient precipitation is that the filter cloths are at all times c°oate°d 

out flrs^'c solution cannot pass through with¬ 

out first coming m contact with the precipitate. 

is ™e reduclonll^''* P-'i™ metals from cyanide solutions 
reduction, and consequently it follows that oxidizing con- 
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ditions will make it less efficient. Owing to the intense aeration in 
the agitation process as well as the requirements for dissolution of 
the gold, such oxidizing conditions must exist in ordinary mill solu- 


Solutlon 
from mill 



Clarifying press 
Receiver 
Vacuum pump 
Solution storage 
Centrifugal pump 
Precipitation press 
Zinc dust feeder 
Triplex pump 
Gold-bearing solution tank 
Barren solution tank 
Main to mill storage tank 
Barren solution line 
m Motor 



lions. The Crowe process (shown in Figure 45) provides for the 
removal of this air through the application of a vacuum. The ap¬ 
paratus consists of a receiver or drum about 4 feet in diameter and 
10 feet high filled with a latticework of redwood strips from a point 
about 18 inches above the bottom to a point 2 feet from the top. 
This latticework serves to break up the falling solution, forming a 
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thin film over the strips and promoting more efficient deaeration. 
A pump maintains as high a vacuum as possible in the receiver and 
thoroughly deaerates the falling solutions. The advantages claimed 
for this process are that (1) it reduces the zinc consumption 30 to 
40 per cent, (2) it increases the capacity of the existing precipitat¬ 
ing plant at least 40 per cent, (3) it eliminates nearly all trouble 
with white precipitate even in the coldest weather, (4) it reduces 
clean-up labor and refining expense, and (5) precipitation takes place 
more rapidly. 

The deaerated solution goes directly to the Merrill precipitation 
press or sometimes to a solution storage tank. To this material, at 
the intake of the triplex pump, is added, from an automatic feeder, 
finely divided zinc dust. Precipitation of precious metal takes place 
immediately and practically completely—no opportunity is offered 
for the zinc to become covered with either copper or white precipi¬ 
tate. This solution is then pumped to the precipitation presses of the 
plate and frame type, the gold collected in the frames (to be re¬ 
moved from time to time), and the clear solution discharged into a 
barren solution storage tank feeding the mill proper. Clean-up is 
much more easily accomplished in this way than with the zinc boxes. 
The flow from the solution tank is diverted to a spare press, the one 
which has been in use is drained, blown with compressed air to dry 
the cake so that it may be more easily handled, and the press is 
opened. If the cycle has been properly gaged, the filter press will 


TABLE 55 

Analyses of Precipitates 


Per Cent 



Au 

Ag 

Cu 

Zn 

Te 

Pb 

Si02 

AI 2 O 3 

Wright Hargreaves 
Hollinger 

46.11 

35.0 

9.33 

7.2 

15.90 

1.4 

9.31 

14.6 

6.29 

0.03 

0.7 

0.5 


CaO 


11.7 


55)”*^ full of precipitated gold and excess zinc dust (see Table 

Snoe^rffTTh the canvas 

stripped off and burned, the ash added to the rest of the precipitate 

and the whole mass melted and refined by methods described lltL’ 
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MELTING THE PRECIPITATE 

330. Drying. The precipitate, containing 10 to 40 per cent of 
zinc, is transferred to an electric drying oven where the last trace 
of moisture is driven off. Care must be taken in handling this 
material for it is light and dusty and losses must be avoided. This 
dried precipitate may be treated in a variety of .ways, the choice 
depending largely upon the richness of the product and the presence 
of certain impurities. The ones in common use today are (1) direct 
fusion, (2) fusion after roasting, and (3) treatment with acid and 
subsequent fusion. The bullion so obtained is termed dore,^ in dis¬ 
tinction to base bullion, which is obtained in smelting lead ores. 

331. Direct Fusion. The dried precipitate is mixed in proper 
proportions with borax, sodium carbonate, niter, and silica to give a 
suitable slag, and carefully melted down in a graphite crucible. The 
metal thus obtained is poured into molds, allowed to solidify, and 
the slag broken away from the precious metals for subsequent re¬ 
treatment. This method is applicable only to high-grade precipi¬ 
tates; those containing much zinc, lead, or copper must be treated 
by other methods. 

332. Acid Treatment. This method is in more extensive use than 
either of the others because most of our precipitates, as indicated in 
Table 55, contain notable amounts of zinc, copper, and lead. These 
metals are not entirely removed by direct fusion and would serve 
to contaminate the bullion. In the acid method, the precipitate, 
before it is dried, is placed in a vat with sulfuric acid, the mixture 
heated and stirred to promote solution until action has ceased, after 
which the vat is filled with water, the precipitate is allowed to set¬ 
tle, and the clear liquid is siphoned off. After two or three wash¬ 
ings, the pulp is filter-pressed and the cake removed, dried, and 

melted. . 

333. Roasting and Fusion. Impure precipitates, especially those 

containing large amounts of zinc, are best treated by roasting and 
fusion. The dried precipitate, sometimes mixed with niter to int^- 
sify the oxidizing action, is placed in pans and heated in a muffle 
furnace to a dull red heat. If it is stirred from time to time, most 
of the zinc is volatilized and the copper and lead oxidized, so that, 
when leached with acid and then fused, a reasonably high-grade 

bullion may be produced. 

1 From the French verb dorer, to gild. 
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REFINING THE BULLION 

334, General. The bullion obtained from amalgamation or cya- 
niding is usually impure and will vary more than anything else with 
the silver and copper content of the original ore. It will range in 
fineness from 750 to 990; the bullion obtained from amalgamation 
IS usually lower grade than that obtained from cyanidation. Such 
bullion can be shipped directly to the mint, where a small refining 
charge is made, but large operators prefer to part their own bul¬ 
lion. The methods in common use today are (1) parting with sul¬ 
furic acid, (2) parting with nitric acid, (3) electrolysis, and (4) 
parting with chlorine gas. 

335. Parting with Acid. Sulfuric acid is the most common part¬ 
ing medium because it is much cheaper and easier to handle than 
nitric acid. In order to part successfully by this method, the bul¬ 
lion should contain at least 2.5 parts of silver to 1 part of gold. If 
It contains less than this proportion, low-grade bullion or silver 
must be added in order to maintain the ratio. Furthermore the 
bullion should not contain more than about 10 per cent of copper, 
t IS melted and cast into flat shapes similar to the ‘"buckles” of lead 

used in the manufacture of white lead pigment, each containing a few 
ounces of bullion. These are then parted in a cast iron kettle with 
sulfuric acid (1.82 specific gravity). When all action has apparently 
ceased, the contents of the kettle are allowed to settle and the 
supernatant liquid decanted off into a lead-lined receiving tank. It 
may be necessary, with the impure bullions, to treat the residue 
several times with fresh acid. The gold residue is washed with hot 
er, filtered, and the cake dried and fused with suitable fluxes 

tion ht precipitated from the acid solu- 

with LrT precipitate is washed several times 

:d\rmto\Z^^ 

bulliwl-7h^^ f''" because, although 

bullions with a lower silver to gold ratio may be parted if i«, mnl 

expensive and troublesome than the sulfuric acid method To in 
”but thet” 2 -iver to i 

their weight of nitriraSdTs'recfflc iTinto 

stoneware vessels T’V>ooq i y • ) into porcelain or 

vessels. These vessels are heated by steam, and most 
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of the silver is dissolved at the end of 4 hours. The silver may be 
recovered from the solution by precipitation as the chloride and this 
reduced to metallic silver by means of zinc. Both the precipitated 
gold and silver are washed repeatedly, filtered, dried, melted, and 
cast into ingots. 

Gold residues 
from silver process 
and gold bullion over 
850 fine 


Fine gold bars or granules 

1 

Dissolving hood 


Gold chloride 


Crucible furnaces 


Anodes 

i 

Electrolytic refining cells “Wohlwill 


Fine gold Ingots 

i 

Rolls 

T 

Cathode sheets 

I 


Fine gold 
cathodes 


Impure 

electrolyte 

I 

Plating cell 


Gold-silver 
chloride slimes 

I Gran zinc 
porcelain ^ 
reduction tank 


Anode tops 


porcelain filter 


Fine gold 
cathodes 


Gold 

cathodes 


Furnace 

~r 

Refined 

gold 

bars 


Chloride 
wash .water 


Chlorides 
of base and 
pr. metals 


Pr. recovery tank 


Gold and basa 
chlorides 
., ^ 

Scrap copper tank 


Pr. metal 
salts 


Gold 

prec^ltate 

Washed and 
msitad Into 

anodai 


Baaa chlorides 

I 

Scrap Iron tank 


Csmsnt 

copper 

I 

Washed and 
maltsd Into 
anodes for 
ooppar proooii 


Gold-silver 

slime 

I , 

Filter tank or 
centrifugal 

i - 

Gold-silver 

slime 


Furnace 


Anodes for 
silver cells 


Washed and 
melted into 
gold anodes 


Zinc 

chloride 

water 


Waste 

solution 


Settling tank 


Fw. 48. Wohlwill Prooesg. (Pemwmon of McOraw-Hill Book Co.) 

886. Electrolytic Refining. The Wohlwill process (see Figure 
46) i» not very widely need for refining gold bullion. The an'’^ 
for thie proceM muet contain not len than 94 per cent of gold, the 
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remaining 6 per cent being largely silver. If the silver e.xcecds this 
amount, it is best refined by either the Moebius or the Thuin process 
(see Articles 554 and 555). The Wohhvill process consists essen¬ 
tially of electrolyzing impure gold anodes in a hot, acid solution of 
gold chloride. Gold, copper, lead, platinum, and palladium dissolve 
anodically whereas silver and any iridium, rhodium, and rhenium 
remain in the slime. The anodes are usually (4 inch in thickness 
and about 9 by 14 inches in area. They are susj)ended on gohl 
hooks, the hooks themselves not being submerged in order to pre¬ 
vent their solution. The cathodes are thin sheets of gold foil of 
about the same shape as the anodes. A number of anodes and 
cathodes are connected in multiple, as in copper refining, usually 
in cells made of glazed porcelain or acidproof stoneware, a common 
size being 15 by 11 by 8|4 inches deep. The electrolyte contains 
7 to 8 per cent of gold as the chloride and 10 to 16 jier cent of hydro¬ 
chloric acid. It is operated at about 70°C with a current density of 
no to 120 amperes per square foot and a potential of 1.3 to 1.5 volts 
per cell. A part of the electrolyte must be removed from time to 
time for purification and replaced with fresh solution The climes 
contain gold amounting to about 15 per cent of that deposited on 
the cathode as well as silver chloride, lead sulfate, and metals of the 
platinum group. The lead sulfate is removed by treatment first with 
sodium carbonate solution and then with nitric acid; the silver chlo¬ 
ride IS reduced, and returned to the silver refinery. The residue 
from the slimes is recast into fresh anodes. Gold cathodes pro¬ 
duced are about 985 fine or very nearly 24 carat 

. fl " in Canad,! 

"’“"‘'■y. i* based upon tl.c fact 
at, If chlorine gas is passed through molten bullion, the gold re- 

chCde^fl ) "'f'* converted into fused 

chloride floating on top of the gold and any lead, copper or anti 

mouy present is converted into volatile chlorides. The gold bullion 

s rnelted down in a crucible of white clay about 10.5 fnchestep 

tL sma^r “ ® "guard” pot of graphite 

The smaller crucible is covered with a lid, perforated will, i 

thl cU “'“y H inch in diameter, through which 

tne chlorine gas is introdupprl a • wiiicn 

it combines with the silver and base metals* no*"* 

blingoff. When the gold is m"' 

nne is shut off, the clay pot remove^from tae flrceffc g“ld' 
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lowed to solidify, and the molten silver chloride poured off into 
mold. This silver may be rcco^•ercd as pure metal by reduction 
ith copper. 

THE LAKE SHORE MILL 

338. General. The mill of the Lake Shore hlines, Ltd., located 
Kirkland Lake, Ontario, has a capacity of 2500 tons per 24 hours. 



Will, ll.n of notalicm. ronrtinB, oyivnUl.vlion of U,o oonrn.lr.atos 

,,,„| vorv effioiont an.l .no,lorn prnotl.’o. Tlu, pumipnl 

„|,.p, (nl.own in Kienrc 47) in tl.o trontinont of 41.0 oro, winch is 
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hard, quartzose one containing about $15 in gold (on the basis of 
$35 per ounce), are crushing, leaching, filtration, flotation, and pre¬ 
cipitation. 

339. Crushing. The run-of-mine ore is crushed in gyratory 
crushers underground, conveyed to ore bins of 3200-ton capacity, 
and then crushed in 7 by 6 foot ball mills in cyanide solution and in 
closed circuit, with 4 by 18 foot Simplex classifiers. The sands from 
these classifiers are then ground through 200 mesh in 5 by 16 foot 
tube mills in closed circuit with Dorr bowl classifiers. A typical 
screen analysis is shown below: 


+56 microns 
56-40 microns 
40-28 microns 
28-20 microns 
20-14 microns 
14-10 microns 
10- 0 microns 


0.1 per cent 
5.5 per cent 

14.8 per cent 
13.2 per cent 

11.8 per cent 
11.0 per cent 
43.6 per cent 


+200 mesh 
+250 mesh 
+325 mesh 
—325 mesh 


0.2 per cent 
2.0 per cent 
6.4 per cent 
91. 4 per cent 


100.0 


100.0 


* See Table 39, page 191. 

340. Leaching. The overflow of the bowl classifiers goes to pri¬ 
mary agitators and then to 12 by 50 foot tray thickeners. The 
spigot of the thickeners is further agitated, with additions of cya¬ 
nide and lime in a series of twenty-one agitators, and delivered to a 
15 by 40 foot filter surge tank. The overflow of the thickeners is 
sent to precipitation plant for the removal of the gold. 

341. Filtration. This surge tank feeds a bank of eleven 14 by 14 
foot Oliver Alters. The filtrate from these goes to a storage tank 
to be used as mill solution. The cake, before discharge, is washed 
with a solution made up of half barren solution, half water The 
cake IS repulped in an 8 by 14 foot tank and then sprayed into 
a splash tower.” In this the pulp passes through an orifice and 
impinges on a ball to meet a current of sulfur dioxide gas from the 

roasters This gas neutralizes (so far as flotation is concerned) the 
effect of the cyanide. 

342. Flotation. The cyanide tailings then pass to a series of flo¬ 
tation conditioners and to treatment in a series of Fagergen 

roughers and Kraut “cleaners.” This treatment produces a fin- 
shed tailing and a concentrate which, after thickening and filtra¬ 
tion, IS roasted in two Edwards duplex roasters. The calcine from 
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these roasters is cyanided; the sulfur dioxide gas is used to condi¬ 
tion the flotation feed. The calcine, after passing through a 3 by 6 
foot ball mill to break up the lumps, is cyanided in agitators and 
filtered with Oliver filters. The filtrate is returned to the mill solu¬ 
tion tank to be used in grinding, and the cake is sent to the tailings 
dump. 

TABLE 56 


Metallurgical Data 
Lake Shore Mill 


(July, 1939) 


Average daily tonnage 

Ratio of tons of solution precipitated to tons milled 
Mill heads (1 oz gold @ $35.00) 

Primary agitator feed 
Primary agitator discharge 
Secondary agitator feed 
Secondary agitator (36 hours) 

Secondary agitator (48 hours) 

Cyanide taiUngs 

Flotation tailings 

Calcine filter tailings 

Final disposal tailings 

Recovery of pyrite in flotation 

Cyanide extraction (on insoluble tailings) 

Cyanide recovery (on insoluble and soluble) 

Final extraction 
Final recovery 

Daily average of concentrate (26.28 per cent sulfur) made 

Average value per ton 

Lime per ton milled 

Lime per ton calcines treated 

Aerocyanjde per ton milled 

Aerocyanide per ton calcines 

Zinc dust per ton of solution precipitated 

Free cyanide in tray thickener overflow 

Total cyanide in tray thickener overflow 

Time of primary agitation 

Time of secondary agitation 

Ball consumption in ball mills 

Ball consumption in tube mills 


2507 

4.21 to 1 
$15.63 
2.91 
2.64 
2.15 
0.601 
0.585 
0.574 
0.309 
0.038 
0.347 

85 to 88 per cent 
96.33 per cent 
96.11 per cent 
97.78 per cent 
97.63 per cent 
62.7 tons 
$11.71 

5.8 pounds 

74.3 pounds 
1.0 pounds 

9.3 pounds 
0.40 ounce 

0.75 pound per ton 
0.82 pound per ton 

1.4 hours 

48.3 hours 

1.75 pounds per ton 
3.38 pounds per ton 


843. Precipitation. The pregnant solution from the tray thick¬ 
eners goes to a surge tank and then to Merrill clarifying presses. 
The gold is then precipitated by a Merrill-Crowe plant. The pre¬ 
cipitate is melted and cast into bars, and the filtrate sent to the 
barren solution tanks. Metallurgical data are given in Table 56. 
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344. History. Because of the ease with which some lead minerals 
arc reduced by carbon and carbon monoxide, it re<^uircs little imagi¬ 
nation to conceive of this as having taken place many thousanfls of 
years ago in some campfire built over an outcrop of oxidize^l lead 
ore. Lead was one of the few metals known to the ancient world, 
and consequently the nature of the early applications of this metal 
is still important. The Romans used it for plumbing, tlie Cliinesc 
lined their tea chests with it, and the bullets for the earliest firearms 
were made of lead. The Egj'ptians used lead in glazing potterx’, and 
the silver they used probably was derived from lead ores. A lead 
image antedates 3800 b.c. ; the Phoenicians worked the Spanish de¬ 
posits about 2000 b.c., and those in Greece flourished in 500 b.c. 
Lead mining in this country dates back to 1621, when the industry 
started in Virginia. Production in the Mississippi started in the 
early 1700’s, and the great Western mines were opened in 1867. 

346. Economics and Statistics. Although the United States still 
is the largest producer of lead in the world, it is losing the paramount 

TABLE 57 


World s T.icAn Production by Countries • 
(Metric Tons) 



1910 

1918 

1921 

1929 

1932 

1939 

1944 

Australis 

Belgium 

Canada 

Germany 

Mexico 

Russia 

Spain 

United States 

Total 

(Worid’s) 

105,897 

40,715 

14,967 

159,851 

120,662 

190,523 

353,186 

163,368 

20,630 

23,314 

69,960 

88,503 

169.709 

504.614 

57,134 

29.750 

28,274 

72,000 

60,513 

135,881 

369.136 

177,288 

62,213 

144,392 

97.900 

248.783 

6,200 

123,261 

624.154 

189,221 

61,548 

117,676 

95,200 

143.621 

18,717 

109.769 

251.689 

252,383 

96.000 

177,865 

181,440 

237,742 

75,000 

27,000 

381.411 

t 

t 

130/113 

t 

178,270 

t 

34.776 

421.538 

1,093,043 

1,128,268 

844.710 

1,753,179 

1.181,284 

1.722.726 

t 


(Seprtntad by perwasaum of McOrt tv-H iU Beak Co.) 
* Tha Mineral Induabrn. M<<Jrmw-ldill Book Oo. 
t Not ovailable. 
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position it occupied for a number of years. In 1910 this country 
produced over 30 per cent of the world’s lead; in 1944 we produced 
barely 20 per cent, as shown in Table 57. Normally the lead-pro¬ 
ducing states, in order of importance, are Missouri, Idaho, Utah, 
Oklahoma, and Kansas. 

Almost no metallic lead is imported into this country, although 
considerable base bullion and lead ore come in under bond for re¬ 
duction and refining, particularly from Mexico and South America. 
In this country smelting and refining are centralized in a few strong 
companies.^ 

During the first few years of World War II lead was the only 
base metal not to be restricted in some way. We possessed ample 
mining, reduction, and refining facilities to meet military as well as 
civilian needs. As Selective Service demands on manpower increased 
It became more difficult to meet the demands of industry, with the 
result that in 1944 the War Production Board restricted consump¬ 
tion. In this period it also became necessary to pay certain pre¬ 
miums to offset increases in the cost of labor and supplies. Even 

as late as 1945, after the close of hostilities, the metal remained on 
allocation. 


In the Tariff Act of 1930 ores, flue dust, and mattes were dutiable 
at 1.5 cents per pound of contained lead; lead bullion, pigs, bars 
scrap, etc., at 2^ cents per pound of contained lead; sheets, pipe’ 
wire, etc., at 2/8 cents per pound; and lead compounds not specifi- 


^ The leading lead producers of the world in 1945 were: 


American Smelting and Refining Co 
Consolidated M & S Co. of Canada 
St. Joseph Lead Co. 

Zinc Corp. (Australia) 

American Metal Co. 

Broken HiU South (Australia) 

Cerro de Pasco (Peru) 

U. S. Smelting, Refining and Mining Co 
Bunker Hill and Sullivan ' 

San Francisco Mines 
^teimtional S & R (Anaconda) 

Fresnillo (Mexico) 

Eagle-Picher 


Tom 
480,154 
163,266 
148,781 
70,367 
70,174 
45,515 
44,086 
42,168 
37,974 
37,273 
35,771 
22,878 
18,314 
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346. Properties of Lead. 


Atomic weight 
Specific gravity (20 °C) 

Melting point 
Boiling point 

Coefficient of expansion (linear, 10°-100°C) 
Specific resistance (20°-40°C) 

Thermal conductivity (100°C) 

Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat (0°-100°C) 


207.22 
11.3437 
327.35°C 
1525°C 
29.5 X 10-^ 

20.648 microhms 
0.081 cal/sq cm/cm/“C/sec 
1.5 

6.26 cal/gram 
0.03046 cal/gram/°C 


347. Marketing and Prices. Lead is marketed in the form of 
pigs weighing 80 to 100 pounds at two marketing centers, New York 
and St. Louis. The price quoted in New York is usually about 0.15 
to 0.25 cent per pound higher than in St. Louis. More than 90 per 
cent of the domestic lead is consumed east of the Mississippi River, 
the consuming centers being Chicago, New York, Philadelphia, Bos¬ 
ton, and St. Louis. Tlie lU'ice varies more than anything else with 
conditions in the automotive, communication, secondary metal,^ 
and paint industries. The fluctuations during recent years are indi- 


TABLE 58 


PuicB OF Lead * 



Cents per 


Cents per 


Poinul, 


PouTul, 


New York 


New York 

1910 

4.446 

1932 

3.180 

1918 

7.413 

1939 

5.053 

1921 

4..545 

1944 

6.50 t 

1929 

6.833 




IlighcHl —12.25, .hme, 1917. 

L<)W(!Ht,- 2.7.5, .July, 1932. 

* 7Vie Mineral Indiixlry, Mcdraw-Hill Book Co. 
f C()V(!rrimen(. Ceiling Brice. 

cated in T.able .58. Stocks have varied from over 300,000 tons in 
1932 to 146,000 in 19.39. 

348. Effect of Impurities. Bismuth in corroding lead == (the high¬ 
est grade) must not exceed 0.05 per cent because it imparts a grayish 

i.JuHl. la’fore World War II Ihe luoducfion of w'condary lead ranged from 87 
1,0 02 iier cciif of primary i)ro(lucl,ioii (sec Arficle 61)7). 

•M.cad UHcd in fhe manufaefun' of white lead (basic lead carbonate). 
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tinge to the white lead. In desilverized lead the limit is 0.25 per 
cent, beyond which it has a slight hardening or embrittling effect. 

Silver in corroding lead must not exceed 0.0015 per cent, beyond 
which it gives a pinkish tinge to the white lead. It has no effect on 
the mechanical or chemical properties of the other grades, although 
a limit of 0.002 is commonly set for the desilverized grade. 

Copper, which gives white lead a greenish tinge, is usually held to 
0.0015 in the corroding grade and 0.0025 in the others. In larger 
amounts it makes lead hard. 

Iron gives white lead a reddish tinge, and is held at 0.002 per cent 
in all grades. 

Antimony, tin, or cadmium hardens lead. The addition of 1 per 
cent of antimony, for example, increases the strength and Brinell 
hardness by about 50 per cent. A similar effect is produced by 3 
per cent of tin. It is curious that the fatigue limit is raised by 
additions of any of these three metals. 

349. Uses. Lead has always been associated with cheapness but 
actually it sells for twice as much as iron, and even at a much 
higher cost its peculiar combination of properties would be utilized 
by industry. It is used where the following properties are desired: 


1. Excellent anti-friction properties. 

2. Resistance to atmospheric, underground, and salt water corro¬ 
sion. 

3. Resistance to sulfuric acid and sulfurous compounds. 

4. Softness and extreme workability. 

5. Low melting point combined with high boiling point. 

6. Low cost and high reclamation value. 

7. High specific gravity. 

8. Alloying properties. 

9. Resistance to penetration by short wave length radiations. 

Some of these uses in industry developed eariy. True, lead pos¬ 
sesses some unattractive properties because its tensile krength is 
vej low (2000 pounds per square inch) and the metal tends to flow 
under relatively low loads. Its fatigue strength is also very low 
^ toat It IS seldom used as a structural material. This property 
of low mechamcal strength is sometimes turned to advantage be- 

'f extremely ductile, workable, ex- 

trudable, forgeable, and even weldable. 

thrt°^‘‘re”® of it has been estimated 

that of the normal peacetune consumption about 10 per cent is 
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used because of weight, 30 per cent because of softness, work¬ 
ability, and corrosion resistance, 24 per cent because of alloying 
properties, and 33 per cent for its chemical compounds. 

The common uses of lead are shown in Table 59. Of these uses the 
most important, certainly on a tonnage basis, is in storage batteries 

TABLE 59 


Leai> Consumption in the United States * 



1938 

1943 

Tons of 
2000 Pounds 

Per Cent 
of Total 

Tons of 
2000 Pounds 

Per Cent 
of Total 

White lead 

71,000 

13.0 

36,809 

5.3 

Red lead and htharge 

43,000 

7.9 

124,715 

18.5 

Storage batteries 

167,000 

30.6 

68,239 

10.1 

Cable covering 

60,000 

11.0 

117,802 

17.5 

Building 

36,000 

6.6 

t 


Ammunition 

31,200 

6.7 

64,023 

9.5 

Foil 

22,000 

4.1 

5,816 

0.8 

Solder 

15,000 

2.8 

15,472 

2.3 

Type metal 

12,000 

2.2 

812 

0.1 

Other uses 

88,800 

16.1 

241,777 

35. y 

Total 

546,000 


675,465 



{Re-printed by -permission of McGraw-Hill Book Co.) 

* The Mineral Industry, McGraw-Hill Book Co., 1938. 
t Included in other uses. 


or secondary cells. Only two of them, the lead-acid cell and the 
nickel-iron alkaline cell, have been developed, and the former by 
reason of its higher voltage (2.1 versus 1.5), compactness, and 

cheapness is most commonly used. 

White lead is our most popular pigment because of its low cost, 

permanence, covering power, and extreme whiteness. 

In cable covering, roofing, and chemical lead it is used because 
of its great resistance to corrosion by the atmosphere, sulfur com¬ 
pounds, and underground waters. As such it is also used in plumb¬ 
ing, the paper industry, sulfuric acid manufacture, and as anodes in 
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electrolysis. Recently it has been found that the low fatigue 
strength of the alloys can be greatly improved by the addition of 
very small amounts of calcium, which at the same time confer age¬ 
hardening properties. Lead, as the pure metal, or alloyed with tin 
(terne plate) is used to coat other metals, particularly steel. Hard 
lead (1 to 14 per cent antimony) has almost double the strength of 
the pure metal and is much harder. 

Being “self-lubricating” the metal is universally used for bearings 
in machinery while the same property confers free cutting proper¬ 
ties on brasses and bronzes when present in relatively small amounts. 
Recently this property has been taken advantage of in developing a 
free cutting steel. 

Quipping, a friendly advertisement in an aluminum house publi¬ 
cation read, In any discussion of materials, lead carries weight!” 
It does, for the high density of lead can be turned to advantage in 
ammunition, for small caliber projectiles, in naval vessels as bal¬ 
last, as counterweights in anti-aircraft artillery, and in airplane 
rudders and ailerons. 


Finally, its high reclamation value gives lead a great economic 
advantage. The alloys are relatively stable so that simple remelt- 
ing converts them to new uses or alloying, to bring them back to 
meet specifications, can easily be carried out. For example, it is 
estimated that fully 75 per cent of the lead in storage batteries re¬ 
turns to industry as secondary lead. 

Minor uses are for shot, anti-vibration pads for machinery, for 
expansion bolts, rope sockets, calking material, tank linings, protec¬ 
tion from X-rays, hekt treating baths, and industrial flooring 

Table 59 also emphasizes the effect of war on the industry It 
should be noted that World War II brought with it notable in- 
creasy m lead used for red lead, cable covering, and ammunition 
and decreases m type metal, white lead. In other uses increases 

should be noted for bearing metals and tetraethyl lead and de- 
creases for feme plate. 

th^**’ falloys with many metals, 
those of industrial importance are not very numerous. The com- 
mon ones are listed in Table 60. 

Lead is one of the few metals which can be produced on a large 
scale m a very pure state (lead containing over 99.9 per cent of 
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lead can be easily and cheaply made). Lead appears on the market 
in the following grades: soft lead, made from very pure ores and 
containing very little silver or other impurities; desilverized or com- 

TABLE 60 

Compositions of Lead Allots 



Pb 

Sb 

Sn 

Cu 

Ca 

Bi 

Cd 

As 

Babbitt, lead-antimony, 








0.15 

No. 6 

63.5 

15 

20 

1.5 

— 

— 

— 

Babbitt, lead-antimony, 








0.20 

No. 12 

89.3 

10 

— 

0.5 

— 

— 

-- 

Cable sheathing, lead- 









antimony 

99.0 

1.0 

— 

— 

— 


■ ~ 


Cable sheathing, lead- 





0.1 




calcium 

99.9 

— 

— 

— 

— 



Fusible plug alloy, m.p., 






50.0 

12.5 


68 °C 

25.0 

— 

12.5 

— 

— 

~ 

Fusible plug alloy, m.p., 






40.0 



100“C 

20.0 

— 

40.0 

— 

— 

— 


Hard lead, 6 per cent an- 









timony 

94 

6 

- ■ 

— 

— 

— 



Hard lead, 12 per cent 









antimony 

88 

12 

— 

— 

— 

~~ 



Pewter 

10 

10 

79.8 

0.2 

— 




Shot 

94 

6 

— 

— 

— 

■ 



Solder, common 

50 

— 

50 

-- 





Solder, plumber’s 

60 

2.5 

37.5 

— 





Terne, low tin 

75 

— 

25 

— 

■ 




Terne, high tin 

50 

— 

50 

— 





Type metal, foundry 

62 

24 

14 

— 

—” 




electrotype 

94 

3 

3 

— 





stereotype 

81 

14 

5 







mon lead, which is made from argentiferous, often very impure ores, 
and purified by means of the Parkes or Betts electrolytic process; 
corroding lead used in the manufacture of basic lead carbonate and 
antimonial or hard lead, which contains 6 to 18 per cent of anti¬ 
mony. Standard specifications for the corroding, chemical, and 
common grades are given in Table 61. 
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TABLE 61 

Standard Specifications for Pig Lead 


Per Cent 


, -- - - - . - , 



Corroding 

Chemical 

Common 

Ag, max. 

0.0015 

0.020 

0.002 

Cu, max. 

0.0015 

0.080 

0.0025 

As, max. 

0.0015 

1 0.002 1 

1 0.015 


Isb, As + Sn j 

Isb, As + Sn 

Sb + Sn, max. 

0.0095 



Zn, max. 

0.0015 

0.001 

0.002 

Fe, max. 

0.002 

0.0015 

0.002 

Bi, max. 

0.05 

0.005 

0.15 

Pb (difference) 

99.94 

99.90 

99.85 
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351 . General. Ores of lead may be conveniently divided into 
oxide and sulfide ores. Although we have ores containing but one 
mineral of lead, such as galena or cerussite, they are uncommon 
because lead, iron, zinc, and sometimes copper are often associated 
together in mineral deposits. As a matter of fact the separation of 
these into two products from which pure metals can be reduced is 
difficult—impossible until the development of the flotation process. 
The average content of the ores now mined in the United States is 
about 5 per cent lead (the Burma Corporation has large reserves of 
ore containing 18.2 ounces of silver per ton, 14.5 per cent of zinc 
and 23.6 per cent of lead). The St. Joseph Lead Company in the 
United States is mining ore devoid of either zinc or silver and aver¬ 
aging only 3.2 per cent of lead. 

352 . Galena. Galena (PbS) is the most common lead mineral 
When pure it contains 86.6 per cent of lead. In certain deposits 
notably those of the Mississippi Valley, it occurs in the pure state’ 
but It is generally found more or less intimately mixed with sulfides 
of iron and zinc. Galena almost always contains silver, and al¬ 
though this usually amounts to but a few ounces per ton, some of 
the lead ores run as high as 2000 ounces per ton. Gold is often 
present but in very much smaller quantities. The melting point of 
galena ranges from 925° to 1120°C. This low melting point to- 

temperature, 

introduces difficulties in smelting. 

m. Anglesite and Cerussite. In general the oxide ores are rela- 
y unimportant. Aithough they are certainly desirable from a 
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metallurgical point of view because they can be reduced easily in 
the blast furnace without roasting, the large deposits have long since 
been exhausted and today, in the United States, they supply only a 
relatively small percentage of our domestic lead. Anglesite (PbSOi, 
68.3 per cent lead) and cerussite (PbCOa, 77.5 per cent lead) are the 
result of the alteration of the original sulfide mineral by the oxygen 
of the air and the carbon dioxide and mineral salts of ground 
waters. If pure enough and in sufficient tonnage, they may be re¬ 
duced in an oxide blast furnace directly to metallic lead, but usually 
they are mixed with a roasted sulfide ore. 


ROASTING OF LEAD ORES 

354. General. Lead sulfide, at the temperatures ordinarily 
reached in practice, is not reduced by carbon or carbon monoxide, 
and consequently lead sulfide ores must be roasted for smelting, 
furthermore, the presence of too much sulfur in the ore charge 
would tend to throw an undue proportion of the lead into the matte 
and render the subsequent recovery of the metal difficult. Since 
most lead ores contain small amounts of copper, every effort is made 
to concentrate this in the form of a matte. On the other hand, 
there should be only a small amount of this matte; hence the neces¬ 
sity of regulating the sulfur content carefully by means of pre¬ 
liminary roasting.^ In principle roasting lead ores differs only 
slightly from roasting copper ores. It should be noted, however, 
that galena is much more easily fused than most copper minerals, 
and consequently the temperature must be more carefully regu¬ 
lated. Too high a sulfur content (over 20 per cent) must be avoided 
because of the heat generated. 

355. Roasting Furnaces. At first glance, since the mam object 
in the roasting of lead ores is to eliminate or carefully control the 
percentage of sulfur in the ore, it appears that furnaces of the multi- 
plc-hearth type would be best for this step. Lead ores, however, 
require a somewhat different treatment from copper ores because of 
their different physical characteristics. Galena is friable and britt e, 
fuses easily, and to bQ most efficiently treated in the blast furnace 
should be in the form of a sinter or clinker-hard, strong, and yet 
porous. It is impossible to produce such material in a furnace of the 
multiple hearth type; consequently, metallurgists, during the past 

iNoto in thin connection that the sulfur content of lead concentrates is lov, 
owing to the fact that PbS contains only 13.4 per cent sulfur whereas FeSa con 

tains 533 per cent. 
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two decades, have turned to blast roasting or sintering machines. 
Of these machines the Dwight-Lloyd has proved to be the most 
popular. Blast roasting may be defined as that method of roasting 
in which the oxidation elfected by internal combustion is propagated 
within the mass of ore particles by air currents forced through it. It 
differs radically from hearth roasting, in which the oxidizing gases 
are in contact only with the upper surface of the mass. Although 
it requires more careful adjustment of the chemical and mechanical 
conditions, when properly adjusted the capacity per square foot of 
hearth area may be three to twenty times as great as in hearth 
roasting. 

356. The Dwight-Lloyd Sintering Machine. This machine, as 
shown in Figures 48 and 49, is of the continuous downdraft type. It 



consists of a strong frame of structural steel, supporting two heavy 
prockets, and a steel track or guide. Traveling on these sprockets 

perforated bottoms. The pallets hold the charge (4 to Scinches in 
depth when treating lead and copper ores) of ore, flux and fue” 
dunng the roasting process. Underneath the train of pallets is a 

thm “ fan to induce a downdraft 

as a oateh^Uebox also acts 
uusx catcnerj. The vacuum maintained in u 

and operating conditions This^^ne^^f^^ 

g onaitions. This negative pressure should be as 
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little as possible, consistent with furnishing the air necessary for 
roasting, to avoid packing of the charge. Mounted above and near 
the feed end of the apparatus is an ignition box fired with gas or 
fuel oil, which serves to furnish the heat necessary to start the roast¬ 
ing process. Placed above the machine is a hopper and mixer 
(thorough mixing and proper physical characteristics of the charge 
are very important). The water added (3 to 15 per cent by weight) 
should produce such a consistency that the adjustable gate will level 
off the charge and insure a tight seal between the charge and the 



a Igniter 
b Suction box 
c Suction pipe 
d Moving ore bed 
e Feed hopper 
/ Sinter 
g Ore 

h Zone ot reaction 


Era. 49. Longitudinal Section through Sinter Bed. 

sides of the pallet. Material from dust up to % to H i^^ch in 
size may be sintered on these machines. Each of the pallets runs 
on four wheels on the tracks mentioned above except over the suc¬ 
tion box, where they pass over a flat plate,^ in order to make a jomt 
which is as nearly airtight as possible. The oxidation, once started, 
becomes vigorous over the suction box, and the heat generated is 
sufficient to cause incipient fusion of the charge and to agglomer¬ 
ate or sinter the particles together. The whole tram is driven by 
the large sprocket in the direction indicated by the arrow, the pa - 
lets being pushed along the track by those that follow until they 
reach the end when, guided by the curved irons there, t^ej slide 
down these guides and strike the preceding pallet (a space of abo 
24 inches is provided). This impact jars the sinter cake loose and 
allows it to fall into a conveyor or waiting oar, after which th 
empty pallets return down the lower inclined track by gravity. The 
natur^ of the sinter cake and in turn the amount of sulfur remain- 

1A flexible ribbon of eteel hae been need to seal this apace or more recently a 
water seal hai been developed. 
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ing in it will depend upon the composition and characteristics of the 
charge, the strength of the suction, and the rate at which the pallets 
travel. These pallets, made of malleable iron with either straight 
or herringbone slots, are one shortcoming of the machine because 
they tend to become blinded by fine sintered material and to warp 
on account of the heat generated. The Stewart grate, with finger- 
shaped cross bars, is especially efficacious in preventing this chok¬ 
ing. The standard machine now in use is 42 inches wide and 22 feet 
long, but special machines, particularly for use in the iron ore in¬ 
dustry, have been developed up to 80 feet in length. The speed of 
travel of the pallet ranges from 7 to 20 inches per minute (12 as a 
fair average), and the tonnage treated per machine from 50 to over 
800 tons per 24 hours, 

357. Roasting Practice. Formerly it was common practice to 
use multiple hearth roasting furnaces to eliminate a part of the sul¬ 
fur of the lead concentrates and then to complete roasting on a 
Dwight-Lloyd machine. Today the trend is toward double sinter¬ 
ing or “double Dwighting,” in which modification two Dwight-Lloyd 
operations are carried out. In the first, only a part of the sulfur is 
eliminated and the sinter from this machine is crushed 34 to % 
inch in size, after which a new charge is made up and the desired 
percentage of sulfur eliminated on a second Dwight-Lloyd. The 
amount of sulfur in the original charge (about 8 to 15 per cent) 
will be reduced to 6 or 7 per cent in the first sinter; that in the final 
sinter (depending upon the amount of copper in it) will usually be 
1 to 2 per cent. Double sintering has had a marked effect on blast 
furnace operation because if the entire charge is sintered the blast 
furnace becomes merely a melting device. For example, a certain fur¬ 
nace which smelted 100 tons of unsintered charge in the old days 
was able to smelt 250 tons of charge containing sinter, and is now 
smelting 600 tons per day when the entire charge, including fluxes, 
is double-sintered. 

358. Chemistry of the Sintering Operation. At the surface of 
the charge the coke and sulfides are ignited and oxidize thus: 


c -I- O 2 CO 2 

(!■ 

CO 2 + C -> 2CO 

(2) 

2PbS + 3 O 2 2PbO + 2 SO 2 

(3) 

2FeS2 —* 2FeS -f- S 2 

(4) 

2FeS -h 3 O 2 2FeO -f 2 SO 2 

15) 
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Some of the sulfur dioxide may be oxidized to trioxide and that may 
react with lead oxide to form the sulfate. 

2SO2 + 02-^ 2SO3 (6) 

PbO + SO 3 ^ PbS 04 (7) 

Reactions 1 , 3 , 5, and 6 are strongly exothermic. The reactions be¬ 
tween lead sulfide, oxide, and sulfate will go on to a limited extent to 
form metallic lead which trickles down into the wind box, but the 
amount involved \vill be small because there is no movement of the 
charge and only those particles initially in contact can react. 

PbS + 2 PbO ^ 3Pb -b SO 2 ( 8 ) 

PbS -b PbS04 2Pb -b 2 SO 2 (9) 

Some lead silicate will be formed and the oxides of lead, iron, sodium, 

and calcium will combine to form complex but low melting point sili¬ 
cates, which in part serve to bind the particles of ore together. 

PbO -b SiOa Pb0-Si02 (10) 

FeO + SiOa ^ FeO-SiOa (H) 

Some lead will be reduced by carbon and carbon monoxide, thus: 

2PbO -b C -> 2Pb -b CO 2 (12) 

PbO -b CO -> Pb + CO 2 (13) 

Formerly it was believed that these silicates alone served to bind 
the particles of ore together, but more recent work on iron ore sinter 
has shown that sinters are in most cases almost entirely cornposed 
of a new generation of crystals or grains. This new generation of 
crystals probably has formed by crystallization of material actually 
molten during the sintering process, but recrystallization which takes 
place at elevated temperatures, but below the melting points of either 
of the constituents of the mixture, may have been effective. An im¬ 
portant example of such recrystallization is found in the metamorph- 
isra of rocks which takes place extensively without fusion. Somewhat 
analogous processes may be effective in sintering. Which of these is 
most important is still uncertain, but since the temperatures formed 
momentarily in the sinter by innumerable centers of combustion are 
probably very high we may be justified in considering fusion and 
subsequent crystallization as the important process. 
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SMELTING IN THE ORE HEARTH 

359. General. This, the oldest method of treating lead ores, has 
seen many ups and downs. Originally it was the only method of 
treating high-grade ores, but the introduction of the blast furnace 
with its high capacity and ability to treat impure ores caused most 
of the ore hearth plants to shut down.’^ They were, however, the old 
type of hand-rabbled Scotch hearths, with low capacities. Since 
then the mechanically rabbled Newnam furnace has replaced all 
these. Its development has brought about a revival of this simple 
process with the result that, by. 1940, an increasing tonnage of pure 
ores was being so smelted. The chief advantage of the method lies in 
the fact that it can be started and stopped at short notice, without 
much loss of fuel and heat, and pure ores can be reduced cheaply 
and quickly to a good grade of marketable soft lead (19 tons per 
hearth per 24 hours) without expensive softening and refining. To 
be suitable for reduction in ore hearths an ore or concentrate must 
have the following characteristics: 

1. It must contain at least 70 per cent of lead. 

2. It must contain not more than 2 per cent of silica since this will 
form a silicate with the lead, which is not reduced in the ore 
hearth. 

3. It must contain not more than 4 per cent of iron pyrite or 4 per 
cent of zinc as sphalerite since these form refractory compounds 
with lead sulfide. 

4. Antimony, arsenic, silver, and gold should be absent. The first 
two give rise to an impure lead; the latter two cannot be re¬ 
covered in this process. 

5. It should be fairly coarse. 

360. Ore Hearths. This method of smelting lead ores is based 
upon (1) the reduction of lead oxide by carbon or carbon monoxide 
and (2) the reaction between lead sulfide, and lead sulfate or oxide, 
resulting in a double decomposition and the formation of lead and sul¬ 
fur dioxide. For a description of the hand-rabbled ore hearth the stu¬ 
dent is referred to older works on metallurgy. The basin of the New¬ 
nam hearth, shown in Figures 50 and 51, is a cast iron container 8 feet 
long, 19 inches wide at the top, and about 10 inches deep. In the 

hand-operated ore hearths, with an annual ca¬ 
pacity of 230,000 tons of concentrates, were in operation. 
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back of the furnace are 12 tuyeres for the introduction of air. Lead 
is discharged from the basin through a siphon tap while the gray 
slag (about 15 per cent of the charge) is raked out by the operator 




Plan of basin and apron 



Front alavatlon of basin, apron, Jackets 
Fia. 50. Newnam Hearth. 


onto the apron plate in front of the furnace. The charge is made up 
of either galena alone or galena mixed with sintered bag house fume, 
together with the proper flux and 3 to 12 per cent of coke breeze. 

The process carried on is mainly the old "roast reaction," in which 
the lead sulfide at relatively low temperatures is oxidized to a mixture 










ORE HEARTHS 


28S 


of oxide and sulfate. When the temperature of the mass is then 
raised, the oxide and sulfate are reduced by excess lead sulfide to lead 
and sulfur dioxide. Actually in the ore hearth these reactions go on 
simultaneously. In the normal working of the furnace the hearth is 
full of molten lead, over which is spread a few shovelfuls of coal and 
then a thin layer of ore mixed with the requisite flux. This material 
is rabbled by the mechanical poker and shovel mounted on a carriage, 



Swing arm 
Cam wheel 
Elevating link 
Spring 
Rollers 


Fig. 51. Movement of Poker and Shovel. 


which starte from its position of rest at one end of the furnace and 
makes a trip to the other end. During this cycle a motion similar to 
that of the hand rabble is communicated to the rabble arm More 
ore and coke breeze are added, when needed, and gray slag with¬ 
drawn as It accumulates (lead of course overflowing through the 
trapped spout). 

The ore hearth is not suitable for argentiferous ores because a good 
deal of silver as well as lead are volatilized, and the gray slag" pro¬ 
duced contains a considerable amount of lead (10 to 15 per cent of 
he origin^ lead) and consequently must be retreated in a lead blast 
furnace. The recovery of lead may, in exceptional instances, be as 


Per Cent 

PbS PbS04 PbO 

5-6 10.4 34.9 


CaO Pb (total) 
10.0 44.5 


1 


Si02 

26.0 


ZnO 

1.0 
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high as 85 per cent, but normally ranges from 65 to 75 per cent with 
a coke requirement of 3 to 5 per cent of breeze.^ 

361. Chemistry of the Ore Hearth Process. At a low tempera¬ 
ture, and with considerable excess air, the sulfides of the charge are 
oxidized to the respective oxides and sulfates, furnishing a part of 
the heat for the process, the remainder being supplied by the com¬ 
bustion of the coke thus: 


2FeS2 

2FeS + S 2 

(14) 

S 2 + 2 O 2 

-> 2 SO 2 

(15) 

2FeS 3 O 2 

2FeO -t- 2 SO 2 

(16) 

2PbS + 3 O 2 

-> 2PbO -k 2 SO 2 

(17) 

C + O 2 

0 

0 

T 

(18) 

2 SO 2 + O 2 

2 SO 3 

(19) 

PbO + SO 3 

PbS04 

(20) 


On raising the temperature, lead sulfide reduces lead oxide and sul¬ 
fate thus: , ^ 


PbS -k 2PbO - 

^ 3Pb -k SO 2 

(21) 

PbS -k PbS04 ^ 2Pb -k 2 SO 2 

(22) 

PbS -k 3PbS04 - 

4PbO 4- 4 SO 2 

(23) 


At these high temperatures silicates, particularly of lead, will form. 
They are fluid and tend to agglomerate the ore particles to form the 

“blue slag.” . 

PbO 4* Si02 —^ Pb0‘Si02 (2'^) 


FeO + SiOa -> Fe0 Si02 


(25) 


Some lead is also reduced by carbon and carbon monoxide, thus. 

2 PbO + C -> 2 Pb + CO 2 (26) 

PbO -h CO -> Pb + CO 3 (27) 


BLAST FURNACE SMELTING OF LEAD ORES 
362 General. By far the greater proportion of our domestic lead 
ores ii reduced in the blast furnace. The principles involved are the 
same ns tliose involved in the ore hearth, together with the fact tha 


* Fine coko. 
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iron decomposes lead sulfide. Sulfide ores containing more than 5 
per cent of silica and all impure ores must be so treated, whereas 
oxidized lead ores can be smelted directly to an impure bullion. Sul¬ 
fide ores must first be roasted in order to adjust the sulfur content 
and thus control matte formation. The blast furnace is similar in 
construction to the copper blast furnace but differs in operation be¬ 
cause metallic lead, instead of a matte, is the product in which the 
valuable metal is concentrated. 


363. Roasting of Lead Ores. Although certain favored districts 
still produce lump ores consisting only of pure galena and gangue, 
by far the largest percentage of our material is derived from complex 
ores and delivered to the smelter in the form of a finely divided con¬ 
centrate. Such concentrate will contain, besides the galena and the 
gangue, sulfides of zinc, iron, copper, antimony, and arsenic; conse¬ 
quently, they must be roasted in order not to form an undue propor¬ 
tion of matte in the blast furnace. Furthermore, containing moisture 
and flotation agents, they are sticky and hard to handle. Most plants 
use the Dwight-Lloyd sintering machine, but if a multiple hearth 
roaster is used for preliminary treatment this roasting must be carried 
out carefully to avoid forming an undue proportion of lead sulfate. 
Furthermore, if the temperature becomes excessive, the galena will 
become pasty, agglomerate, and thus retard the roasting. Moreover 
reactions between lead sulfide, sulfate, and oxide will go on liberatinc^ 
lead which may be lost through oxidation. The proportion of lead 
oxide and sulfate formed will be dependent on (1) the temperature 

attained, (2)^ the admission of air, and (3) the nature of the minerals 
associated with the gangue, 

n.fr it is universal 

practice to bed the ores. Even in smelters handling their own ores 

t IS found advantageous to do this, first because it offers storage 

facilities and second because it serves to minimize the effect of great 

ffttr,meir " ."’’"“teristics of the shipments. Ores are received 

ctwds thV” “ 2 or 3 tons to several 

Lntain inJh r* ", which they 

contain, m their physical conditions, and in the amount of impurities 

be ntetslry i‘ "““Id 

tenZt SLitv of 7“' continuously, with the at- 

tendmt difficulty of maintaining them and at the same time recover- 

mg the maximum percentage of lead and precious metals. By 274 
a 1 these small shipments together in a bed, holding several hundred 
tons, in a systematic manner, it is possible to consWer this mT^re 
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at a single ore and smelt it as such. By adequate sampling, weighing, 
and chemical analysis of all the separate shipments, the superintend¬ 
ent can calculate the composition of the bed as a whole, and on this 
basis figure the fuel and fluxes for a campaign of several days or 
weeks instead of only a few hours. In making a bed of this sort, 
which may be 3 to 15 feet deep, every effort is made to spread each 
ore over the entire surface in a thin layer or stratum. A vertical sec¬ 
tion taken at any point will then be of the same physical nature and 
chemical composition. Small amounts of ores (“side ores”) are kept 
on hand for varying the nature of the charge at will, for fluxing pur¬ 
poses, or for maintaining the smelting column in proper working con¬ 
dition. So important has this matter become that rather elaborate 
systems of conveyors, bucket elevators, and reclaimers have been 
devised for carrying out this operation on a large and economical 
scale. 

365. Lead Blast Furnace. A typical furnace, shown in Figure 52, 
smelts about 600 tons of charge (85 to 90 per cent sintei) per 24 



a Hearth or crucible 
h Tuyeres 
c Bustle pipe 
d Lead well 
c Shaft 
/ Water lackets 
g Charge floor 
h Arents siphon tap 

© i Charge doors 
j Slag spout 
Ic Relief valve 


Fia. 62. Lead Blast Furnace. 


hours. One of the chief points of differences between 

copper lilast furnace is the construction of the eriicibl . In he load 

blast furnace it is deep (20 to 36 inches commonly . 

tapped from it by means of a lead well or Arents s pl n tap winch 

consists of a channel of rectangular cross jp, 

connecting the bottom of the crucible and a small lead well 
the furnace, rend, ns it is reduced in the furnace shaft, ® 

the crucible beneath the slag and matte (the crucible will hold 20 
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40 tons of lead) and, under the pressure of the blast and weight of 
the charge, slag, and matte, is forced out through the well. The lead 
thus tied up can be reduced materially by having a reservoir only 
in the center and front of the furnace hearth, the rest acting only as a 
collecting trough. The slag is tapped out through a slag spout, which 
is high enough above the surface of the lead in the crucible to pre¬ 
vent any lead from being sucked out with the slag. The working 
height of the furnaces varies from 16 to 24 feet, the horizontal cross 
section from 40 by 144 inches, up to 60 by 180 inches, although one 
large furnace has been built at Trail which has a cross section 66 by 
152 inches. The bosh constriction serves the same purpose as in the 
copper blast furnace and in addition promotes a quicker fusion of the 
slag, matte, and metal as well as more nearly complete decomposi¬ 
tion of the lead compounds. The increase in shaft area above the 
bosh serves to check the velocity of the gases, gives more opportunity 
for reduction to go on, and decreases the amount of flue dust formed. 
The diameter of the tuyere opening used to range from to 4^2 
inches, but in the new Trail furnace the tuyeres have been reduced to 
214 inches in diameter and the spacing between them correspondingly 
re uced. This has apparently resulted in much smoother operation 
and much less trouble from shaft and crucible accretions The air 
m amounts of 5000 to 8000 cubic feet per minute, is supplied at a 
pressure of 28 to 50 ounces per square inch and is never preheated. 
Fluxes and fuel are stored in hopper-shaped bins from which they 
can easily be drawn along with ores from the bedding plant referred 
to above. All inpdients^ must be accurately weighed in order to 
keep the furnace in proper condition. Charges (containing 16 to 41 
per cent of lead) are brought to the furnace in small cars. The 
methods of distribution may vary: at some plants each car consists 
the^^x^f ^ proportioned charge; at others one may contain ore, 
the next flux, and the next coke. Even distribution, however is 
essential in order that the gas current may rise unifo;mly thro^h 
the furnace and no dead spots form. ^ ^ 

Slag is tapped intemittently, together with the matte and sneiss 
and flows into a settler where the separation between the three prod ’ 
nets may ta,ke place. The slag overflows from this settler to be granu 
lated or taken to the dump. The matte and speiss, if sufflcient 


in 


.ea7St^,?nr“ “ - ‘He form of 
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quantity, are treated in a small copper blast furnace, but in small 
plants they are cast into pigs, broken up, and sold to some large 
copper smelter as a copper-bearing material. Furthermore, in small 
plants the lead is tapped from the well into a large pot in front of 
the furnace, drossed, and cast into pig form for shipment to the re¬ 
finery. If, however, the smelter is large, the molten lead from the 
blast furnace is pumped to a larger dressing furnace where this opera¬ 
tion may be carried out more thoroughly in preparation for softening. 
This dressing is accomplished by “poling” with steam or air at tem¬ 
peratures of 480° to 360°C (see Article 374). The dross from either 
operation is returned to the furnace for resmelting. 

Lead blast furnaces are not only smaller than copper ones but are 
also much more delicate in operation. Both lead and silver, under 
certain conditions, volatilize easily; hence the lead furnace must be 
run with a cold top—-that is, show no visible heat or flame ( over 
fire”). Ores containing large amounts of zinc or barium form wall 
accretions on the ends and sides of the furnace shaft and constitute 
an endless source of difficulty, holding back the charge and reducing 
the capacity of the furnace; those containing copper may cause 
trouble through freezing of the siphon tap. Hearth or crucible accre¬ 
tions are another source of trouble because they form over the top of 
the crucible in the shape of a crust and prevent the reduced lead from 
dropping into it, or they may eventually shut off the blast entirely. 
The percentage of coke used varies from 8 to 13 per cent of the charge. 


PRODUCTS OF THE LEAD BLAST FURNACE 

366. General. The products of this furnace are lead bullion, matte, 
speiss, slag, flue dust, gas,^ wall accretions,' and hearth accretions.' 
The last two will not be described in detail because, if they cannot be 
absorbed during the campaign of the furnace, they are removed when 
the furnace is shut down for repairs and returned for retreatment. 
Representative analyses of the others are given in Table 62. 

367. Lead Bullion. Lead bullion obtained from the ores of the 
Mississippi Valley is termed “soft” lead for it is pure enough for most 
commercial uses without further refining. Most bullions must be 
softened and desilverized before they are pure enough to be used in 


»Samples taken at the top of the charge contained CO 2 , 8-16 per cent; O 2 , 

0-1.5; CO, 8-20; H 2 , 0.1-0.8. on 

* Typical analyses are: (a) Wall accretion Zn, 20 per cent; Cu. 3.0, Fe Jb, 
17.9; Si02, 10.6; Pb, 16.2. (6) Hearth accretion Zn, 15.4 per cent; Cu, 20.8, I'e, 

5.1: k 13.1; Sii, 0.9; Pb, 38.3. 



TABLE 62 

Analyses of Products of the Lead Blast Furnace 
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industry. If the bullion is not refined at the plant where it is pro¬ 
duced, the lead is cast into bars weighing 80 to 110 pounds^ and 
shipped to some central refinery. Gold and silver, if present in small 
amounts, can be left in lead, when this is to be used for other pur¬ 
poses than the manufacture of pigment. However, the small amounts 
of impurities such as copper, iron, arsenic, and antimony must be 
removed, since they detract from the physical and chemical properties 
of the metal. If there is enough silver and gold to pay for their 
recovery, these metals can be removed by the Parkes or Betts process. 

368. Matte. Although the matte produced in the lead blast furnace 
may contain as much as 40 per cent of copper, it is usually less than 
5 or 10 per cent, and, except for the high lead content, is much the 
same as the low-grade matte produced in the copper blast furnace. 
Besides lead, these copper mattes usually contain relatively large 
amounts of silver and gold, and consequently must be retreated. At 
most domestic plants they are crushed, mixed with the roaster charges, 
and desulfurized before being returned to the blast furnace for retreat¬ 
ment. On the other hand, this crushed matte may be concentrated 
by “matte smelting” in a small copper blast furnace into a smaller 
amount of rich copper matte (the iron being slagged) and sold to a 
copper smelter for retreatment. Copper mattes containing consider¬ 
able lead are frequently converted, with the addition of proper fluxes, 
in a manner similar to the standard treatment of copper-iron matte. 
The iron and lead are partly slagged, partly volatilized, and the re¬ 
mainder of the iron removed as a slag. The copper, arsenic, gold, 
and silver are recovered as impure copper bullion. 

369. Lead Slags. Lead slags, as indicated in Table 62, show a wide 
variation in composition because of the complexity of the lead ores 
now being treated. From an economic standpoint a lead slag should 
contain not more than 0.7 per cent of lead and 0.5 ounce of silver 
per ton. A recent investigation has shown that at the Tooele smelter, 
of the total lead in the slag, 14.7 per cent was present as metal, 61.0 
as sulfide, and 24.3 as silicate. From a physical standpoint the 
specific gravity should not rise much above 3.6; otherwise there will 
be an imperfect separation between the matte and the slag.^^ 

In plant parlance the slags are termed “quarter,” “half,” or “one- 
to-one,” depending upon the ratio of lime to ferrous oxide in the s ag. 

1 An innovation, to avoid pilferage during transit, is to cast the lead in the fonr 
of large "buttons” weighing up to 4 tons. 

CaO 1 

* In a quarter slag - 4 • 
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The kind of slag used depends upon the characteristics of the ore, the 
kind and amount of fluxes available, and the judgment of the oper¬ 
ator. If the ore is siliceous, the operator endeavors to use a siliceous 
slag with as little outside flux as possible. On the other hand, if small 
amounts of ore high in lime and ferrous oxide are available, he may 
be able to produce a more basic slag at a slightly increased cost. Slags 
may be admittedly “dirty,” the superintendent may know that im¬ 
provement is possible, and yet fluxes may be so expensive as to make 
the recovery of a few more pounds of lead or ounces of silver per ton 
unprofitable. Probably the most satisfactory, hence the most common, 
lead slag is the “three-quarter.” This is particularly true at customs 
smelters, where a wide variety of ores allows the operator a wider 
choice of slags. Furnace and hearth accretions may be removed and 
general smelting conditions notably improved by altering for a short 
time the nature of the slag. 


Zinc is the bane of the lead metallurgist because it is the cause of 
many furnace troubles, which may vary in intensity from merely high 
metal losses to the entire loss of the furnace itself through freezing or 
stoppage of the tuyeres. Although differential flotation has been de¬ 
veloped to a point where a satisfactory separation may be made in the 
concentrating process between the zinc and lead sulfides, frequently 
the added expense of doing this may make this step unprofitable 
Rather the furnace operator puts up with this extra amount of zinc in 
the charge and endeavors to alter his furnace technique to take care of 
1 . On the whole, this matter of zinc has been increasing steadily in 
importance in the last few years, until at some plants slags containing 

difficulty^ Most operators accomplish this by keeping the sulfur con- 
tent of the charge at a minimum, but obviously when this is done it is 

ItP softening because incom- 

bul Lr of the copper will throw this metal into the slag or 

i n- ^ column in the furnace 

and a high blast pressure, with corresponding increases in temperature 

Where matte is being made in appreciable quantities, it is necessary 

is isrrsr. x-irr' r£ 
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370, Gas and Flue Dust. The flue dust, much larger in amount 
than that produced in the copper blast furnace, because of the nature 
and composition of the charge, may contain considerable lead, as in¬ 
dicated in Table 62. This flue dust is very finely divided and can be 
recovered only by Cottrell apparatus or a bag house. The dust may 
be: (1) dampened and fed back into the same blast furnace, in which 
case only a small part of it will be smelted, the rest eventually being 
lost into the atmosphere; (2) sintered, either in place by igniting the 
mass in the steel hoppers of the bag house or Cottrell plant or by sin¬ 
tering it as a part of the charge of a Dwight-Lloyd roaster; or (3) 
briquetted with a suitable binder. In any case the product will be 
made a part of the charge of the blast furnace. 

A blast furnace with a cross section of 44 by 154 inches requires 
about 6500 cubic feet of air per minute and produces over 8000 cubic 
feet of waste gas, which escapes at a temperature of about 150°C. 
This small amount of heat cannot be extracted economically, and 
furthermore the gases are so low in sulfur dioxide that they have no 
value as a source of sulfuric acid. 

371. Chemistry of Blast Furnace Smelting. The major portion of 
the heat is furnished by the combustion of carbon, usually constitut¬ 
ing 8 to 13 per cent of the charge,^ because all the sulfur which it is 
desired to eliminate has been oxidized in the preliminary roasting 
operation, 

C -I- O 2 ^ CO 2 (28) 

CO 2 + C -> 2CO (29) 

The top of the charge is usually kept at a fairly low temperature 
(200°C) to reduce volatilization. Consequently, at the top the water 
(normally about 5 per cent of the charge) is eliminated. Beginning 
at a temperature of about 400°C, the carbon monoxide produced 
lower down in the furnace reduces the lead oxide and the lead thus 


‘ A representative charge at a large lead smelter consisting of 


Pounds 

Sinter 2600 

Limestone 

Coke 260-300 

Scrap iron 9-26 

Settler skulls 76 

Undried zinc plant residue 0-200 
Siliceous ore 25 

Bag house dust 9”B0 

By-product slag 190 



2Fe304 + CO 2 

(34) 

3FeO + CO 2 

(35) 

Fe + CO 2 

(36) 

Pb + FeS 

(37) 

Pb + FeO 

(38) 
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liberated trickles down over the particles of undecomposed ore, 
absorbing precious metals as well as a part of the arsenic, copper, 
and antimony. 

PbO + CO -> Pb + CO 2 (30) 

AS 2 O 3 + SCO 2As + 3 CO 2 (31) 

SbaOg + 3CO 2Sb + 3 CO 2 (32) 

CU 2 O + CO 2Cu + CO 2 ( 33 ) 

The iron oxide of the charge will be reduced by carbon monoxide, 
and this iron, together with scrap iron added as a part of the charge' 
will decompose lead sulfide and oxide thus: 

3Fe203 -f- CO 
Fe304 + CO 
FeO + CO 
PbS + Fe 
PbO + Fe 

be formed by the reactions between lead sulfide and 

2PbO + PbS 3Pb + SO 2 ( 39 ) 

PbS04 + PbS ^ 2Pb + 2 SO 2 (40) 

2PbO + C 2Pb + CO 2 (41) 

PbO + CO Pb + CO 2 (42) 

As the temperature approaches 900«C the limestone of the charee 
and liberating lime which will unite with the siliL 

to fonn a matte which will also al»orb some leadTndTlZ mS! 

CaCOa CaO + CO 2 ( 43 ) 

+ SiOa -> FeO-SiOg (slag) ( 44 ) 

Finally at a temperature of about innn°p ±±. , , 

completely liquefy triclclp dr.T» j ^ matte and slag will 

Wbem it ^™cto~ r 

The specie of ttese a« W 
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unduly high, a speiss may form, but ordinarily arsenic will be low 
enough to be absorbed by the matte or metal. Measurements indi¬ 
cate that the temperature of the slag in the crucible is 1100° to 
1200°C and that of the metal 900° to 1000°C. 

372. Problem. It is desired to roast and smelt in a blast furnace a lead 
concentrate containing 60 per cent PbS, 4 per cent FeSz, 3 per cent AI 2 O 3 ) 
2 per cent CaO, and 31 per cent Si02. In roasting it is assumed that all the 
FeS 2 is oxidized to Fe 203 and that 90 per cent of the galena is oxidized to PbO. 
For smelting pure hematite and limestone are available. It is desired to make 
a slag having a SiOzrFeO'.CaO ratio of 35:50:15 and containing 0.8 per cent 
of lead as PbO. It is necessary to use coke equal to 16 per cent of the weight 
of the roasted ore. The coke contains 85 per cent of carbon and 15 per cent 

Si02. 

Calculate per metric ton of concentrates: 

а. The cubic meters of air used in roasting, allowing 200 per cent excess over 
theoretical. 

б. The percentage composition of the roasted ore. 

c. The kilograms of lead produced. 

d. The kilograms of each flux required. 

e. The kilograms of slag made. 

Solution: (a) 1000 kilograms of ore will contain: PbS, 600 kilograms; FeS 2 , 
40; AI 2 O 3 , 30; CaO, 20; and Si 02 , 310. 

The reactions involved in roasting are: 

2PbS + 3 O 2 —> 2PbO + 2 SO 2 
4 FeS 2 + 1102 -^ 2 Fe 203 + 8 SO 2 

Then oxygen required for PbS = X 3 X 22.4 = 76.0 «ubic meters 

Then oxygen required for FeS 2 = X 11 X 22.4 = gg g cubic meters 

Air required = ^ ^ ^ 

From the reactions above: 

PbO formed = 640 X fuu = 605 kilograms 
Fe 20 a formed = 40 X = 26.8 kilograms 

( 6 ) Summating the composition of the roasted ore will be: 



Kilograms 

Per Cent 

PbS 

60 

6.3 

PbO 

505 

52.9 

FeaOs 

27 

2.8 

AlsOa 

30 

3.2 

CaO 

20 

2.1 

SiO? 

310 

32.7 


952 
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Coke required = 0.16 X 952 = 152 kilograms of coke 

This coke contains 0.15 X 152 = 22.8 kilograms of Si02 

(c) Slag ratio Si02:Fe0:Ca0 = 35:50:15 
lSi02 requires ^ = 0.428CaO 
333Si02 requires 333 X 0.428 = 143 CaO 

CaO required = 143 - 20 (in ore) = 123 

123 

Limestone required = —— = 220 kilograms 
0.56 

lSi02 requires = 1.43 FeO 
333 Si02 requires 333 X 1.43 = 476 FeO 
lFe 203 = 0.902FeO and 27Fe203 = 27 X 0.902 = 24FeO 

FeO required = 476 — 24 = 452 
452 

Hematite required = —= 500 kilograms 
W Si 02 in slag = 333 


(e) 


Weight slag — ^ = 951 kilograms 

Lead in the ore = 600 X = 520 
Lead in the slag = 951 X 0.08 = 76 


Lead produced = 520 - 76 = 444 kilograms 

373. Bag House. This piece of apparatus, shown in Figure 53 is 
used principally, in the lead industry, for removing the finest dust 
and fume from the gases produced in roasting and smelting the ores, 
t consists of a large chamber subdivided into a number of smaller 
ones so that, while some are being cleaned of flue dust or repaired the 
others may be operated. The gas is freed of dust particles by being 
passed through a number of cotton or woolen bags suspended in the 
chambers. Thase bags are about 12 inches in dianreter and 35 to 
ong, Sttmg tightly over thimbles in the bottom of the chamber and 
susptoed from pipes at the top so that the gas must pass through 
the cloth in order to escape into the chimney flue. The gas is brought 
from the smelter by an exhaust flue, and distribution is controlled by 

beltouTTftT'’ 

bags in the cho ' ‘he supply of gas is shut off, the 

bags in the chambers collapse. Most of the flue dust falls into the 

uppers below, after which the bag is shaken ei,her“ ical y o 

by hand to remove as much of the flue dust as possible tIc 

may be ignited and sintered in place or removed by I sc' ew “ 



into a car and hence to sintering or briquetting. The use of a bag 
house is limited by: 

1. The temperature at which the bags lose their strength (cotton 
at 100°C, wool at 135°C). 



Fiq. 53. Bag House. 


2. The chemical composition of the gas (excess alkali or acid tends 

to destroy the fabric). , • x r -+ 1 , 

3. The moisture (this tends to clog the passages and interfere wi 

proper cleaning). . x i o + « 

4. The pressure drop (across such a unit it is approximately 3 o 

inches of water). 

At some plants conditions warrant the installation of a Cottrell pre¬ 
cipitation apparatus as well as the bag house. It may e or 
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purpose of cleaning the flue gases more thoroughly, especially when 
the bag houses are operated beyond their normal capacity, or as a 
safety measure to take care of the interval during which the bags are 
in a bad state of repair. The student is referred to Article 251 for 
a detailed description of the Cottrell treater. 


SOFTENING OF THE BASE BULLION 


374. General. Soft lead, from very pure non-argentiferous ores, 
may be purified sufficiently for ordinary market requirements by 
simple dressing in a kettle. This dross will amount to 11 to 35 per 
cent of the blast furnace bullion. Dressing is really a process of 
oxidation and liquation in which the lead is held in a molten state long 
enough to permit insoluble or oxidized material to rise to the surface 
and be skimmed off. The formation of this dross is often assisted by 
agitation of the molten metal, either mechanically or with air or 
steam. Sulfur is sometimes stirred into the dressing kettle to elimi¬ 
nate copper as the sulfide. 

Most of our lead bullion (see Table 62) contains precious metals 
well worth recovering, as well as other impurities which detract from 
some of the valuable properties of the pure metal. Refining may be 
carried out by either the Parkes or Betts processes. In either case, 
however, in order to make this process shorter and less costly (copper 
and antimony in particular increase the consumption of zinc in de- 
silverization), the bullion must go through a softening process first, 

in which a part of the impurities (notably arsenic, antimony and 
copper) is removed. ’ 


376. Softening Furnace. It consists of a water-jacketed rever¬ 
beratory furnace, as shown in Figure 54, fired with coal, gas or oil 
and holding as much as 350 tons (bath 2.5 feet in depth) of lead. The 
hearth and walls are constructed of high-grade fire brick. The water 
jackets serve to keep this refractory lining cool and prevent slagging 
y the lead oxide. The base bullion is usually pumped into the fur- 
nace from the dressing kettle and the charge worked through the 

weight of the market lead produced 
376 The Softening Process. In the first step the bullion is slowly 
me ted or, if charged liquid, is held at a temperature just above the 
point of the alloy (370“ to 380«C), under an oxidizing atmol 

prindpllwor ^ which a dross cListing 

pnneipally of copper, sulfur, arsenic, and lead rises to the surface 
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Fig. 54. Lead Softening Furnace. 


This product (“copper skim”) ^ is then removed from the furnace 
for retreatment, as described later (Article 386). By introducing sul¬ 
fur the copper content can be reduced to 0.005 per cent. 

During the second period the temperature of the bath is raised to 
about a red heat (600° to 650°C) and air admitted freely to the fur¬ 
nace so that oxidizing conditions may prevail. The lead, arsenic, 
and antimony are oxidized to their respective oxides, which unite to 
form a litharge slag. This oxidation is carried on both by the oxygen 
of the atmosphere and by the litharge. If tin is present it will also 
join this slag. The bath is held at this temperature for about 12 
hours, during which time nearly all the arsenic, antimony, and the last 
of the copper can be removed. The last traces of antimony are re¬ 
moved only with difficulty; consequently, to hasten the process, rich 
litharge from the cupelling step may be stirred into the bath. Bis¬ 
muth cannot be removed from the lead by oxidation. Jets of steam 
or air may be introduced through perforated pipes to stir the bullion 
and hasten oxidation, but this agitation, through the waves set up, 
has the bad effect of corroding the walls at the lead line. When a tes 
indicates that the bullion has been softened sufficiently, the dross is 
skimmed off and sent on for retreatment. The total cycle for charg¬ 
ing, softening, and tapping is about 24 hours. 

1 Mostly PbO with about 2 per cent Cu, 2 per cent Sb, and considerable gold 

PbO with 1 to 2 per rent Cu, 3 to 12 per cent Sb, and coneiderablc 
gold and silver. 
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377. Chemistry of Softening. During the formation of the cop¬ 
per dross, at a temperature of about 380°C, principally lead, copper, 
and sulfur but also some arsenic and antimony will be oxidized thus. 
In order to reduce the copper to a low level, sulfur is sometimes added 
to the bath. 


2Pb -}- O2 ^ 2PbO 

(45) 

4Cu + 2O2 - 

-> 2CU2O 

(46) 

2CU2S -f- 3O2 “ 

-> 2CU2O + 2SO2 

(47) 


During the second period, when the temperature is raised from 600 
to 650°C, lead and antimony together with most of the remainder of 
the copper and arsenic will be oxidized, forming an antimony dross. 
This oxidation is carried on by the air injected as well as by the 
litharge of the slag. 


4As + 3O2 - 

2AS2O3 

(48) 

4Sb -|- 3O2 - 

2Sb203 

(49) 

2Sb + 3PbO Sb203 -f 3Pb 

(60) 


A recent investigation, by Maier and Hincke, of the system PbO- 
SbsOa and the vapor pressures involved has thrown light on the elimi¬ 
nation of antimony. From a study of these data they conclude that 
although antimony could be eliminated as the higher oxide, thus. 


PbO + SbaOs Pb + Sb204 
2PbO + SbaOg 2Pb + SbgOs 


{bl) 

(52) 


the presence of very small amounts of metallic lead in their experi¬ 
mental melts indicated that the higher oxide is of minor importance. 
Rather, they conclude, a compound PbO-SbaOa is formed correspond- 
mg to 43.4 per cent PbO, which is relatively stable and exists in both 
the solid and liquid states. Bismuth oxide is not stable under these 
conditions and will not enter the slag. The total cycle for charging 
softening, and tapping will be of the order of 24 hours. 

^ 378. Lead Oxides. Approximately one quarter of the lead used 
in industry is m the form of one of the oxides. Litharge (PbO) the 
most common can be prepared in a number of ways. The oldest 

tem^plr ' ^ reverberatory furnace until the 

tmperature is just above the melting point of the oxide (888°C) 

“d totsTr® “ ^ f f atmosphere. As the o.ide forms 
and floats on the surface of the lead it is skimmed off with an iron 
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hoe, cooled, ground, and levigated. A naore recent method employs 
a continuous furnace in which jets of air impinge on the surface of the 
lead in such a fashion as to cause the oxide film to flow toward one 
end of the furnace, where it is removed. Fresh lead is continuously 
added to keep the furnace full. Litharge is also a by-product in the 
manufacture of sodium nitrite, where the metal is used in reducing 

sodium nitrate. .... 

Red lead (PbsOi) is usually made from litharge by calcining it in 

a muffle furnace to which a closely controlled current of air is ad¬ 
mitted. The temperature must also be closely controlled at about 

340° C. 


DESILVERIZATION OF BASE BULLION 

379. General. The softening process does not produce market lead 
because, in addition to notable amounts of deleterious impurities, it 
still contains 40 to 500 ounces of silver per ton and 0.1 to 2.0 ounces 
of gold per ton. This bullion may be refined by: (1) the Pattinson 
process, (2) the Parkes process, or (3) the Betts electrolytic process. 
The Pattinson process is obsolete in this country for it involves the 
cupellation of large amounts of low-silver lead and is consequently 

too lengthy and expensive. 


THE PARKES PROCESS 

380. General. This method of separating gold and silver from 
base bullion is based on the facts that. 

1 In an alloy containing lead, zinc, gold, and silver the zinc com¬ 
bines, first with the gold and then with the silver (Ag^Zna), to 
form intermctallic compounds.^ 

2. This compound is less fusible than lead and has a lower specific 

3. I’hJoLpound is virtually insoluble in load which is saturated 
with zinc, 

381. Zincking. The process is carried out in large kettles, each 

holding about 100 tons and so mounted that the lead can ^ _ 

quickly melted and the temperature of the molten mass , 

silver. (See Article 400.) 
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antimony, together with a large amount of lead, form oxides, rise to 
the surface as a dross (about 5 per cent of bullion charged), and may 
be skimmed off and returned to the process. The lead is now suffi¬ 
ciently pure and soft to be cast into pigs for market. This is ordi¬ 
narily carried on with a circular type of casting machine, shown in 
Figure 55. 

383. Distillation. The final zinc skimmings from the desilveriza- 
tion step are treated in a powerful press to remove the excess lead and 
then taken to the distillation furnace. This furnace, shown in Figure 
56, consists of a bottle-shaped graphite retort about 40 inches high 


a Condenser 
b Retort 
0 Flue 
d Oil burner 
e Carriage 
/ Oil and air pipes 
g Luted joint 



Fig. 56. Distillation Furnace. 


and 19 inches in diameter, holding about 1200 pounds of rich crust. 
The crust is charged into the retort (it will last for about forty 
charges) with a small amount of fine charcoal, a condenser luted over 
the mouth, and the temperature raised to about 1200° C. At this tem¬ 
perature the zinc distills off in 6 to 8 hours, collects in the condenser, 
from which it may be tapped, cast into slabs, and sent back into the 
process (60 to 80 per cent of the zinc used in desilverization is recov¬ 
ered). When all the zinc has been distilled off, the condenser is re¬ 
moved and the rich lead" cast into bars for the next step in the process 

—cupellation. , ^ j a 

384. Cupellation. This step, involving the removal of the lead and 

the retention of most of the gold and silver, is carried out in a cupella¬ 
tion furnace, shown in Figure 57. It consists of a hearth or “test o 
bone ash, portland cement, or limestone and clay mounted upon a 
truck This hearth has a depression holding the bath of molten lead, 
which is usually about 3 inches in depth. It is commonly heated by 
means of an oil burner, inserted through the working door of the 

1 It contains about 6000 ounces of Ag and 16 ounces of Au per ton. 
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furnace. Air is freely admitted so that the surface of the alloy be¬ 
comes covered with a layer of litharge. Such impurities as copper, 
iron, and zinc are also oxidized and enter this litharge slag,^ which, 
when sufficient in amount, is raked off through the working door into 
a pot and subsequently returned to the process for retreatment. 
Tellurium, if present, is difficult to remove. Some of the lead and 
silver is volatilized and passes up the flue; another small part is ab- 



tTthe aCUSt ”0- '-d added 

there is left on the hearth 3^!“ “f cupellation 

gold plus silver. This is ladled ouf 

1000 ounces oj bullion' and Ifted cast mto bars, each holding about 

coisrr - “ 

lost. 

»1 and MetaUurgical Engi. 











310 


LEAD 


adding bullion to special kettles, from which the drosses, silver-zinc 
compound, and lead may be removed continuously. The advantages 
claimed for this process are: 

1. A reduction in labor cost through the elimination of laborious 
skimming by hand (the dross is removed as a liquid slag). 

2. The zinc crusts contain only 12 per cent lead and 6000 ounces of 
silver per ton as compared to 75 to 80 per cent of lead and 3000 
ounces of silver per ton in the Parkes process. 

3. There being less crust, the cost and time occupied in distillation 
and cupellation are less. 

4. The batch process involves certain peak loads for labor which 
are eliminated in the continuous process. 

5. Fuel consumption is less because the repeated heating and cool¬ 
ing of the batch process are avoided. 

6. The plant space required is about one-third that of the Parkes 
process. 

7. Zinc additions need not be predetermined for the zinc layer is 
gradually enriched until removed from the kettle. 

The process has not been used in the United States. 

TREATMENT OF BY-PRODUCTS 

386. General. The drosses from the softening operation may be 
divided into two classes, those that contain mainly copper and those 
that contain mainly antimony. The copper dross is smelted, with 
a suitable flux, in a small reverberatory furnace known as “residue 
furnace’’; sometimes it is necessary to add a small amount of galena 
in order to furnish sulfur for the formation of the matte. The prod¬ 
ucts arc residue bullion containing the major part of the lead and 
practically all the silver; copper matte" containing the copper, some 
lead, and some silver; and a slag “ containing lead, antimony, arsenic, 
with practically no silver. The residue bullion (containing 1.5 to 4 
per cent antimony) is returned to the head of the process to be treated 
as new material; the matte is shipped to a copper smelter for retreat- 
ment; and the slag, combined with other products not containing sil¬ 
ver, is sent back to the blast furnace. 

The drosses and slags containing mainly antimony and a little sil¬ 
ver are sent to a small blast furnace for retreatment. The charge is 

1 Containing about 28 per cent Pb, 14 per cent Cu, and 80 ounoee of Ag per ton, 

»Containing about 2 per cent Pb, 0.2 per cent Sb, and 1.0 per cent Cu. 
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made up of various antimony-bearing materials produced about the 
refinery, proper fluxes, and 8 to 14 per cent coke. The drosses contain 
considerable iron; consequently it is necessary to use a special slag 
and a rather high temperature in this furnace producing antimonial 
lead and slag. This antimonial lead (15 to 18 per cent antimony) is 
a marketable product, whereas the slags may be thrown away.^ 

Aesenical Compounds 

387. General. Lead smelters obtain their arsenic from ores and 
concentrates as well as from flue dust shipped in from other plants 
especia ly copper smelters. The small amount of arsenic in the 
original ores received is greatly increased by a circulating load of 
arsenic in secondary products that are resmelted for their lead or 
precious metals. More important than the arsenic present in the ore 
or concentrate treated is that in the fumes and dust that may origi- 
nate m the blast furnace or sinter plant or may come from a copper 
smelter as lead-bearing converter fume, or roaster dust. Thus the 

dsmT r *‘>*0 “ m - 

Ll Tn r! * 1 “T”!' “PP" o*’'® ''“d Pl'W'to as 

ro« (• T** P incompletely during 

e. r f ^ as a fume, in speiss or in the bullion and 

each of these products must in consequence be retreated. The’best 
point for the removal of arsenic seems to be during roasting because 
the arsenic so removed can be condensed, purified? and prepared for 

elimin“tion“ I?"™: btst'f"" 7 “““ 

of the latter. * 'PW^s in the shaft 

moniderfton t “ “-^“Wal arsenide, sometimes an anti- 

sulfur ’ Speiss is Zt mi ”.7® “snally contains considerable 
opeiss IS not miscible to any extent in mnUaw, « i i 

matte, or slag. Miscibility increases with te “PPar. lead, 
speisses are produced along with matte and tb^ * “P®”**"''®' Most 

For treatment the speiss may be erannlfltnri • j. 
a ball mill through a 10-mesh serefn s!itt * ” “ 

mesn screen. Satisfactory roasting of the 

hey may conUin as much as 2 per cent Pb and per cent Sb 
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speiss has been obtained when mixed with bag house dust, Cottrell 
dust, and some sulfur diluent. Experience has indicated that each 
material seems to have an optimum roasting temperature, draft re¬ 
quirement, and charge composition for the greatest speed in remov¬ 
ing the arsenic. It is therefore desirable to keep arsenic-bearing 
material segregated. On the whole a mixture of 40 per cent speiss 
and 60 per cent of sulfide diluent roasts well at 700°C and with a 
draft of 0.02 to 0.04 inch of water. The disposition of the residue from 
this roasting will depend upon the base metal content of the material. 
If the percentage of copper is high and if the copper to lead ratio is 
reasonably high, say 3:1, the calcines should be treated in a copper 
smelter. Otherwise they should be treated in a lead smelter. 

Drosses 

389. General. Drosses are an important by-product because they 
lower the copper content of the lead, not only conserving the copper 
but lessening the load on the refining operation. Formerly drosses 
produced around the plant (in softening and refining) were fed back 
into the blast furnace. Now reverberatory furnaces are used for such 
treatment, and instead of using a matte as a copper collector there is 
a tendency in the industry to use arsenic for this purpose because it 
increases the copper to lead ratio and also produces a better slag 
and less of it. 

The important constituent of dross that makes it refractory to 
smelt is magnetic oxide of iron, present in amounts varying from 2 
to 5 per cent. In the standard process this iron oxide is removed 
as a silicate slag by adding siliceous ores and scrap iron and oper¬ 
ating at a temperature of 1300° to 1400°C. This results in a high 
fuel consumption and a slag high in lead and copper, which must 
be retreated in the lead blast furnace, and yields a reverberatory 
bullion containing 2 to 3 per cent copper. Most important of all, 
this method yields a copper shipping product with a low copper- 
to-lead ratio.^ 

800. The Soda Process. Fleming and Day* of the American 
Smelting and Refining Company have developed a new method for 
treating these drosses with the object of using a low smelting tem¬ 
perature and producing a high-copper speiss with a high copper-to- 

1 Shipping speiBB runs 46 per cent copper and 16 per cent lead or a ratio of 

Tranmclions of the American Institute of Mining and Metallurgical Engf 
neers, Vol. 160, pp. 76-80,1044, 
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lead ratio. They use a soda base flux ^ to break up the arsenic and 
antimony compounds. The soda ash will slag off the iron and other 
refractory constituents at 900°C. A typical analysis of this soda 
matte is copper 15 per cent, lead 3 per cent, iron 16 per cent, and 

sulfur 7 per cent. At times the copper-lead ratio can be carried at 
10 to 1. 

The dross when removed from the kettle is taken to a 50-ton 
drossmg kettle and freed of impurities held in suspension or solu¬ 
tion. When the lead has settled out, soda ash is mixed with the 
dross by means of a mechanical stirrer, coke and litharge are added 

r^ioonon^"^^^^ reverberatory for treatment at 900° 

to 1000 C. Proper temperature control and tapping are essential 
to secure clean matte and speiss. A furnace will accommodate a 
molten bath o 30 to 45 inches. The soda matte is removed first, and 

win foT T otherwise magnetite accretions 

bath, all of which IS skimmed off. Then about 3 inches of lead is 

and 21 to 28 inches of speiss in the furnace. From this only the 
upper 9 inches is drawn off.^ The upper layer is low in lead and 

copper ^TheVeaTi 7^ 

der <,+ J f ^ compared with 2 to 3 per cent un- 

0“^^^^^^^ eentVper aTd 

to low-temperature operation (impoTsibfewHh 

Theynraybenrore wret ailVbtr 

become more nearly normal. conditions 

object of (I) reductng laT wlnme Md 

. per per cent cote, and 

“ The temperature of the lead ie .bout 600-C, that of the speise 70(|-C. 
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made and automatic regulation of the speed of grate travel, 
with varying densities of charge. One machine has recently 
been installed 63 inches by 40 feet with a capacity of 800 tons 
of final sinter per day. Water-sealed wind boxes are more 
widely used, thus assuring a larger percentage of operating 
time and less loss of time in cleaning. 

2. The trend toward higher tonnages for lead blast furnaces con¬ 
tinues. This faster smelting rate has been obtained by (a) 
improving the physical characteristics and lowering the sulfur 
content of the sinter, (h) using slags with a higher lime-to- 
silica ratio made possible by (1) providing a larger air volume 
and (2) decreasing the coke on the charge and obtaining the 
necessary reduction by increasing the percentage of scrap iron. 

3. There has been wider use of soda flux as well as small per¬ 
centages of coke and litharge in the smelting of copper-bearing 
drosses. This modification produces a copper product of a 
higher copper-lead ratio, a bullion lower in copper, and in¬ 
creases furnace tonnages owing to an easier smelting charge 
and a lower temperature of operation. 

4. More attention is being given to the removal of the sulfur from 
smelter gases either as sulfuric acid or by reduction with coke 
or natural gas to elemental sulfur. 

5. Better concentration of the ore is yielding a better grade of 
lead concentrates, with the possibility of producing a greater 
proportion of lead by means of ore hearths. 

Bunker Hill and Sullivan Mining and Concentrating 

Company Smelter 

S92. General. This plant, at Kellogg, Idaho, serving the mining 
industry of northern Idaho, is engaged in reducing and refining ores 
from its own mines as well as custom ores from the district. A 
flow sheet of the smelter as it existed in 1945 is shown in Figures 
58 and 59. 

898. Sampling. The larger part of the tonnage is sulfide ore 
requiring roasting. If coarser than 4 inches, the ore is crushed and 
sampled automatically, as shown in Figure 58; if finer, by either 
the tenth shovel or by the auger method. In the latter method 40 
to 600 auger holes, depending upon the grade and condition of the 
material, are bored in each car. Sacked concentrates are sampled 
by auger or by coning and quartering. 
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394. Roasting, By reason of the high sulfur content and the 
high proportion of wet flotation slimes, it is necessary to double¬ 
roast all the sulfide ores and concentrates, as shown in Figure 58, 
in order to reduce the sulfur to about 2 per cent. Of the ten roasters, 
five are used for primary and five for final roasting. In order to 
secure a proper proportioning of the materials, since there is no 
bedding system, all charge bins are equipped with adjustable feed. 
Typical charges, on a wet basis, are indicated below: 

Per Cent 


Flotation slimes 

Normal 

57.4 

Wartime Emergency 

42.2 

Crushed ore 

12.8 

•— 

Lime rock 

7.0 

8.0 

Electrolytic plant residue 

10.4 

20.8 

Return preroa-st 

14.4 

14.8 

Dump slag 

— 

11.2 

Miscellaneous 

— 

3.0 


The above charge passes through a disintegrator which mixes it 
thoroughly and breaks up the lumps before passing it to a feeding 
table, where the proper amount of water is added. The primary 
roaster discharges on a vibrating conveyor and thence to a crusher. 
These roasters operate at a pallet speed of 20 to 24 inches per min¬ 
ute and produce 6.5 to 8 tons of calcine per hour each. From the 
crusher the preroast goes to storage and then to the final roasters 
operating at a pallet speed of 12 to 15 inches per minute, with a 
capacity of 4 to 5.5 tons per hour each. Typical analyses of sinter¬ 
ing machine feed and j)roducts are shown below: 

Per Cent Ounces 

^ -< t per Ton 



Cu 

Pb 

Fe 

Insol. 

CaO 

S 

Zn 

Au 

Ag 

Feed 

0.60 

62.0 

9.4 

4.6 

4.6 

13.2 

6.6 

0.06 

26.2 

Preroast 

0.49 

62.9 

10.2 

6.4 

6.1 

7.3 

6.6 

0.06 

26.0 

Final calcino 

0.67 

61.8 

11.0 

6.8 

6.3 

1.6 

6.9 

0.04 

23.7 


It will be noted that the final roast is lower in silver than the 
preroast. This is accounted for by the fact that in the final roast 
considerable lead, high in silver, is liquated out into the wind boxes. 

396. Blast Furnaces. Formerly standard furnaces (48 by 180 
inches at the tuyeres) were used, but in 1936 a larger furnace (66 by 
252 inches) was erected. Besides being larger, the new furnace has 
small (2.6-inch) tuyeres spaced only about half the usual distance 
apart, giving better air distribution within the furnace and better 
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FURNACE OPERATION 3 U 

operation. The crucible is restricted, with a reservoir about 7 feet 
long at the front, or lead-well side of the furnace. The flow of mate¬ 
rial through the smelter is shown in Figure 59 (facing page 316). 

396. Furnace Operation. The weight of the sinter in a charge 
remains constant while the other ingredients are varied to meet 
requirements. A typical charge is shown below; 


Sinter 
Scrap iron 
Lime rock 
Settler skulls 
Siliceous ore 
Bag house dust 
By-product slags 
Miscellaneous 
Coke 


I irurias 


3000 
0-100 
0-150 
50-100 
25-150 
0-150 
0-400 
0-200 

10- 11.5 per cent of charge 


Besides the final sinter, whose composition is given in Article 394 
other constituents of the charge are shown below: 


Per Cent 


Cu 

Settler skulls 1.5 

By-product slags 3.5 
Siliceous ores 0.2 

Bag house dust — 


Pb 

7.2 

34.1 

10.6 

56.4 


Fe 

26.7 

14.2 

4.4 

0.5 


Insol. 

23.8 

15.8 
65.5 

0.5 


CaO 

11.2 


S 

2.6 

2.2 


Zn 

8.5 

3.5 

0.6 

11.7 


Sb 


13.2 2.0 

4.5 1.7 


Ounces 
per Ton 
Au Ag 

6.2 
38.6 
22.4 
6.2 


through two settlora K + ’ ^ tapped intermittently 

held htirThr r® " ““p* 

are as indicated below; ' of slag composition 


Ag — 0.08 to 0.25 
Cu — 0.05 to 0.15 
Pb — 0.6 to 1.4 

FeO- 35.0 to 39.0 
MnO— 1.2 to 1.8 
Si 02 — 21.2 to 24.3 


ounce per ton 
per cent 
per cent 
per cent 
per cent 
per cent 


AI 2 O 3 4.0 to 6.2 per cent 
CaO 13.6 to 16.5 per cent 
^sO 1.1 to 2.0 per cent 
S 1.2 to 2.2 per cent 

^^0 11.0 to 18.0 per cent 


wen a p„t and 

given on page 318. ^ Representative analyses of the lead are 
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Per Cent Ounces 

-■-> per Ton 



Cu 

Sb 

As 

Bi 

Fe 

Au 


Before dressing 

4.5 

2.8 

0.6 

0.0054 

0.09 

0.16 

70-250 

After dressing 

0.04 

2.9 

0.2 

0.0058 

0.002 

0.14 

72-260 


397. Antimonial Lead. Rather than to provide a small blast fur¬ 
nace to take care of the slags and skimmings from softening, they, 
being high in antimony, are stored until there is a sufficient quantity 
for a continuous run in one of the blast furnaces. It is necessary to 
clean out the crucible well because any silver entering the antimonial 
lead will not be recovered. Other by-products high in lead and low 
in silver are added to the charge in proportions sufficient to produce 
a bullion containing 16 to 20 per cent antimony. A high percentage 
of scrap iron is used when low-arsenic lead is desired. 

REFINERY 

398. Dressing. Six 100-ton kettles arranged in two rows of three 
each are used for dressing lead bullion from the blast furnaces. 
Cast iron has been found better than steel for receiving the hot 
(500°C) bullion. After mechanical agitation the bullion is drossed 
in the lead kettle and this dross treated directly in the reverberatory 
furnace or stored for future treatment. The lead is then pumped 
to an end kettle and held at a temperature of 350°C for final clean¬ 
ing. In this the copper content is lowered from 4.5 to 0.04 per cent. 
Dross amounts to about 20 per cent of the original bullion and con¬ 
tains Au, 0.035 ounce per ton; Ag, 70.2 ounces per ton; Cu, 21 per 
cent; Pb, 56.6; and Sb, 3 per cent. The flow of material through 
the refinery is shown in Figure 59. 

399. Softening. Transferred from the end kettles at 500°C, the 
bullion is pumped to two 350-ton softening furnaces each 31 by 13 
feet. Although each softening furnace has a capacity of 350 tons, 
only 200 tons is tapped per charge to the degolding operation. The 
residual 150 tons of soft lead in the furnace serves to dilute the anti¬ 
mony content of the subsequent charge. This step reduces the 
operating cost because the time required for the elimination of anti¬ 
mony increases rapidly for small increases in antimony content 
above 1.5 per cent. In this operation the bath temperature is raised 
to 760°C, and in 8 to 12 hours the antimony content will be reduced 
to about 0.10 per cent, producing a skim containing Au, 0.01 ounce; 
Ag, 3 ounces; Pb, 61.2 per cent; Sb, 22.5; and As, 2.25 per cent. 
This skim is stored to be smelted in the reverberatory. 
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400. Degolding. At this smelter a selective separation is made 
between the gold and silver, resulting in a better utilization of appa¬ 
ratus by reason of great seasonal variations ^ in the character of the 
bullion and in a 50 per cent reduction in the amount of material 
retorted, cupelled, and refined. After the softened bullion has cooled 
to 540°C it is tapped into the central of three 225-ton kettles and 
zinc, in excess of that required to remove the gold, is added (about 
5 pounds per ton of bullion assaying 0.50 ounce Au and 100 ounces 

g per ton). A gold crust is taken off, pressed, and sent to the re¬ 
finery to be retorted. 

..Tn The dogolded bullion is then treated, at 

450 U With zinc, the silver skim removed, and the bullion pumped 
on for refining, liquation, distillation, and cupellation. 

402. Refining. The refining furnace is 26 by 12 feet and will 
treat about 275 tons of lead bullion. It is blown in the customary 
manner to yield a dross containing Ag, 0.10 ounce; Pb, 62.5 per 
cent, Zn, 16.4 per cent; and Sb, 1.6 per cent. The lead, after beL 
iphoned into kettles, is cast on a wheel machine for market The 

As nnnn’l ' ° per cent; 

, ^0(M1 per cent, Bi, 0.008 per cent; Ag, 0.0003 per cent. 

.nn ‘^“PP'”' Dross and Antimony Skim The 

pper dross, w.th about 1.5 per cent silica, is charged into a 12 by 
28 foot reverberatory furnace and the mixture melted Four layers 

separate out. The heavy bottom layer approximates bilst furnace 

bull,on n composifon and is returned to the head dressing kettles 
The nert ayers of slag, matte, and speiss are drawn through slotted 

The shipped to a copper smelter for treatment 

■mwiwm 

dressing. ’ ’ returned for 

kett'J7n2s in Imeto'bTeo^'t I'’" “ 

Cert^n C„.*an bull,on. .re not dUpped in .inter months. 


a 
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%-inch pipe as a seal. A 2-inch pipe is connected to the lower 
section to permit siphoning off of the liquated lead. Heat is applied 
only to the upper section, which will treat about 200 tons of material 
while the lower half lasts almost indefinitely. Final liquated crusts 
contain about 23 per cent Ag, 29 per cent Pb, and 48 per cent Zn. 
The lead (about 48 per cent of the crust fed) is returned to the 
desilverizing kettles. 

The liquated crust is then distilled, a 1200-pound charge taking 
6 hours, and the retort bullion averaging 0.10 ounce Au per ton,^ 
13,500 ounces Ag, 0.10 per cent Cu, and 2.0 per cent Zn, cupelled in 
100,000-ounce cupels. These cupels are lined with magnesite brick 
and then built up with a mixture of twelve parts brick dust, one part 
fire clay, and three parts Lumnite cement, with sufficient water to 
allow tamping. The dore metal is about 997 fine but may be further 
refined in a tilting furnace to 999 and cast into 1200-ounce bars for 
shipment. 

405. Treatment of the Gold Dross. This carries most of the 
gold and about 12 per cent of the silver. It is not liquated but 
charged directly into retorts for distillation. The retort metal, as¬ 
saying about 5 to 15 ounces per ton Au, 500 to 1500 ounces Ag, 
and 0.7 per cent Zn, is cupelled. It is cast into bars and parted 
with sulfuric acid to yield a refined gold. Copper dissolved in the 
precipitation of the parted silver is recovered in a bluestone plant by 
evaporation and crystallization. 

406. Treatment of Bismuth-Bearing Ores. Recently ores high 

in bismuth have been developed in the district so that a separa¬ 
tion must be made. The low ones are treated in the conventional 
manner. The high-bismuth ores are roasted in a Herreshoff roaster 
to reduce the sulfur from 25 to 10 per cent and the roasted product 
charged into a small reverberatory furnace with silica, litharge, and 
coke breeze, producing a bullion containing 85 per cent of the silver 
and 90 per cent of the bismuth. This bullion may be cupelled to 
produce a low- and a high-bismuth litharge and dore bullion. The 
low-bismuth litharge is returned to the reverberatory and the high 
is stored and used for the production of common lead where the bis¬ 
muth content is not important. _ 

407. Treatment of Smelter Gases. These are first treated m a 
bag house containing seven sections. Four of these containing 400 
bags, 18 inches by 30 feet, are used for fume collection. When 

1 Note difference in gold content between this bullion and the conventional 
in Article 384. 
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suflScient fume has collected, the section is cut off, the chambers 
opened, and the fume ignited. There is sufficient carbonaceous mat¬ 
ter in the fume to agglomerate it and the resultant product is re¬ 
moved and returned to the regular smelting circuit. This material, 
in amounts of 250 to 500 pounds (analyzing Ag, 7.5 ounces; Cu’ 
0.05 per cent; Pb, 56.8 per cent; Fe, 0.8 per cent; insoluble, 1.0 per 
cent; S, 5.2 per cent; Zn, 9.1 per cent; Sb, 6.5 per cent; and As, 
0.7 per cent) is produced per operating hour. Of the remaining 
three sections, two sections are reserved for collecting material dif- 
ferm^g from the above in composition (high antimony, for example). 

The total amounts of gases discharged from the various operations 
are as follows: refinery furnaces, silver refinery, 40,000 cubic feet 

friTnop." m 15,000 cubic feet per minute 

-Tu ’ ^ furnaces, 100,000 cubic feet per minute at 260°C 
The total amount of air entering the bag house and sent on to the 

to temperature of the gas down 

Id of th’pl Tfl ^he furnace 

tn V/ ^he f^eed flue varies between 0.1 and 0.3 inch of water and 0 2 

to 0.5 at the bag house inlet. The more corrosive gases from the 

sintering plant are passed through a Cottrell treater. There the 

volume will vary from 90,000 to 150,000 cubic feet per minute a a 

“rT e't f bet: 

divided into f submerged pipe, downdraft type, 

'^be temperature by the 
t me the gas enters the treater has been reduced to 40° to lo°C 

h™Vrk?i„l oVr 

Der cent- Ph R 7 ^ analysis: Ag, 6 ounces; Cu, 01 

per cent, Pb, 67 per cent; Fe, 0.3 per cent; insoluble, 1.0 per cent- 

9,5 p6r CGntj Zn, 1 5 DGr ppnf • n q j. a ^ ^ 

, a, 1.0 per cent, bb, 0.3 per cent; As, 0.6 per cent. 

electrolytic refining of lead 

408 General. Although the electrolytic process is Tin+ m 

eesstu from a technical standpoint anryidn iiilhl^trit 

several facts have contributed to limit its application Excent 
few foreign plants, there were in lQ4fi ,J^xcept for a 

States and one in Canada using the proce®““i^In” 
lurgical methods now existing arp V ^ Pyrometal- 

P^ducing a lead contaMng"S ^ r’ttaT:; “b- 
concerned. The largest outlet for elecTrolyl tld t in iCtlnT 
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facture of white lead where small amounts of either silver (and of 
course Parkes Process lead also contains 0.15 to 0.25 ounce per ton) ^ 
or bismuth impart a noticeable tinge to the pigment. (See Article 
348.) 

409. The Betts Process. All electrolytic refining of lead is car¬ 
ried out by the Betts process in which anodes of lead bullion and 
starting sheets of electrolytic lead are electrolyzed in a solution of 
lead fluosilicate and free hydrofiuosilicic acid. The multiple sys¬ 
tem, similar to that used in the refining of copper, is employed using 
tanks of w'ood or concrete. The concrete tanks are lined with some 
type of asphalt mixture which will withstand ordinary usage pro¬ 
vided the temperature of the solution does not rise above the soften¬ 
ing point of the mixture. 

410. Electrodes. The anodes are cast from lead which has been 
softened so that the sum of the antimony, bismuth, copper, tin, 
arsenic, iron, and sulfur is less than 2 per cent. They are usually 
2 feet, 6 inches by 25 inches wide, 1.5 inches thick, and about 400 
pounds in weight. Bismuth and antimony are the chief impurities 
because the others are readily eliminated by other and cheaper meth¬ 
ods. In electrolysis practically all the remaining impurities accu¬ 
mulate in the anode sponge or cell slime except the copper, which 
forms a hard, insoluble skin on the surface of the anodes. The 
cathodes are formed by pouring molted electrolytic lead on an in¬ 
clined, iron table and then trimming the blank so that the final sheet 
is about one-eighth inch thick and slightly larger than the anode. 

411. Electrolyte. The electrolyte is prepared from fluosilicic 
acid and lead fluosilicate. The former is made by heating a mixture 
of fluorspar (CaF 2 ) and sulfuric acid in a retort to produce hydro¬ 
fluoric acid, absorbing this in water, and then acting on pure silica 
with this solution, thus: 

CaFz 4- H 2 SO 4 -> CaS 04 + 2 HF (63) 

6 HF -f SiOa -> HaSiFo 2 H 2 O (64) 

This aqueous solution will ordinarily contain 33 per cent fluosilicic 
acid. The lead fluosilicate is made by acting on granulated lead or 
basic lead carbonate with this solution, thus: 

SHaSiFo + Pb(OH)a ^PbCOs 3PbSiF6 + 4H2O + 2CO2 (66) 
HaSiFo + Pb PbSiFo + Ha (66) 

t Electrolytic lead contains 0.05 to 0.10 ounce Ag per ton. 
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The normal electrolyte will contain 7 to 10 per cent lead, 3 to 9 
per cent free fluosilicic acid, and 5 to 14 per cent combined fluosilicic 
acid. Usually some addition agent such as glue or goulac is used to 
improve the physical characteristics of the deposit because lead does 
not plate well. ^ It tends to be laid down in the form of a loose, non¬ 
adherent deposit. As in copper refining, there is a base metal de¬ 
pletion so that it becomes necessary, at periodic intervals, to with¬ 
draw some of the electrolyte and bring up the lead content. 

412. Operation. Operating conditions are similar to those pre¬ 
vailing in the multiple process for the refining of copper.^ Electrode 
spacing IS of the order of 1.5 inches, it being found that if the elec¬ 
trodes are too close short circuits are likely to develop; if the dis¬ 
tance is more than this, the increased resistance wastes energy The 
temperature must be held closely to 35° to 40°C because, if the solu- 
tion is too cold, the asphalt lining tends to crack; if too hot, it 
softens. The cells are operated at potentials of 0.3 to 0.6 volt the 
lowest voltage with new anodes, the highest with old (because of 
the resistance of the anode sponge and film). The current density 
IS ordinarily 14 to 18 amperes per square foot. 

Under these conditions the anodes are corroded in about 10 days 

• cathodes are removed. Scrap loss 

s higher than in copper refining because only 65 to 75 per cent of the 
anode IS dissolved. The old anodes are removed, brushed and 
washed to remove the slime and then recast into new ones. 

monv eo 'The insoluble impurities consist of anti- 

The^ie«r^''’ cadmium, selenium, silver, and gold 

The greater part adheres to the anode as a cellular, spongelike de 

posit, the remainder collects in the bottom of the tank as a slime 

".S’ - 

ing slag will contain some antimony as PbO-Sb n a 

Sit" “ 

and antoony, as the oxides, and collected in the form rf 

fume containing 60 ner cent o * ^ Cottrell 

lead, and 2 to 20 ounces of silver pei ton' 'NotTIh’ ^ 

-be reeved in this way. The ^ ^Itct^rZ 

O' load as co.. 
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antimonate slag along with considerable litharge. After the anti¬ 
mony and lead have been removed, bismuth and copper oxide form 
a dross on the surface which is removed as fast as formed. This 
bismuth dross can be reduced to crude metal by treatment with 
carbon and this metal refined. (See Article 129.) The dore metal 
will contain silver, gold, and metals of the platinum group. It may 
be treated as described in Articles 554 and 555, yielding pure gold 
and pure silver. 

414. Cathodes. The lead cathodes are melted and given a final 
refining to take care of the small amount of impurities which may 
have been included in the deposited metal as slime or electrolyte. 
The molten metal is treated with compressed air oxidizing the tin, 
arsenic, and antimony which collect along with litharge as a dross. 
The refined metal is then cast into pigs or some other commercial 
form. 

415. Parkes versus Betts Process. The Betts process enjoys the 
advantage of recovering a very high percentage of refined lead which 
is free from bismuth, and furthermore affords a method of recovering 
this bismuth ($1.25 per pound in 1946). In the Parkes process the bis¬ 
muth remains in the lead, and furthermore there is an unavoidable loss 
of lead as well as precious metals in the slags and flue dust produced 
in the process. The disadvantages of the Betts process are that the 
cost of electrolysis is ordinarily greater than that of desilverization 
with zinc and formerly the silver content was higher than Parkes 
process lead (0.15 to 0.25 ounces per ton). Improvements in the 
process, however, have overcome this shortcoming.^ The chief use 
of Betts lead is as very high-grade lead for the manufacture of white 
lead in the paint industry. Lead for other industrial uses, except 
lead obtained from ores containing large amounts of bismuth, can be 
more cheaply and Ofuickly refined by the Parkes process. 

ELECTROLYTIC WHITE LEAD 

416. General. An interesting application of electrolysis to the 
manufacture of a compound is represented by the Sperry process 
(shown in Figure 60) for the production of white lead ( 2 PbC 03 * 
PbfOHja) as operated at the East Chicago plant of the Anaconda 
Lead Products Company.“ 

Df the lead consumed in the United States, over 20 per cent is 
used in the manufacture of pigments, and of this amount at least 

I Eloctrolytio lead should now contain loss than 0.10 ounce Ag per ton. 

aPurchttsed by Eaglc-Piclicr Lend Company in 1047. 
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80 per cent, or over 125,000 tons per year, goes into the manu¬ 
facture of white lead. For centuries this pigment has been made 
by a chemical process (the Old Dutch), in which lead buckles are 
corroded by acetic acid and carbon dioxide. The process is not 
subject to close control, takes months to go to completion, and pro¬ 
duces considerable scrap and a pigment of varying and sometimes 


Softened leed 
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forced concrete with an asphalt lining to reduce corrosion and pro¬ 
duces about 1500 pounas of white lead per 24 hours. Bus bars and 
insulating blocks are provided for an electrode arrangement similar 
to that employed in the refining of copper. Both solutions contain 
approximately 4 per cent sodium acetate, but in addition the anolyte 
contains 0.06 to 0.2 per cent sodium carbonate and 0.05 per cent 
sodium bicarbonate. The catholyte or the feeder solution may con¬ 
tain up to 5 per cent sodium carbonate. 

418. The Electrolytes. It is essential that the two electrolytes 
enter and leave the cells and be circulated throughout the plant in 
two separate systems. The only connection is through a manifold 
whereby provisions are made for adding small amounts of catholyte 
to the anolyte, or vice versa, in order to control the concentrations 
and volumes of the respective solutions. By reason of the necessity 
of cutting down contamination as much as possible (very small 
amounts of impurities detract from the quality of the white lead), 
the piping system consists of brass or hard rubber for the main 
lines, fittings, and nipples connected with rubber hose. As indi¬ 
cated in Figure 61, anolyte is supplied to the cell through a manifold 
distributor of hard rubber equipped with eighteen nipples on each 
side, from which short rubber tubes deliver the solution into the 
cathode compartment, without splashing, at the rate of about 18 
gallons per minute. The catholyte is distributed to the cells 
through a similar system of rubber fittings at the rate of 4 gallons 
per minute. The discharge of the cell is connected through an in¬ 
verted siphon to an overflow box of concrete at one end of the cell. 

In the cell, lead dissolves from the anode under the influence of 
the electric current and is immediately precipitated as white lead 
while hydrogen is liberated at the cathode. The hydroxide and 
carbonate ions of the hydrolyzea sodium carbonate of the catholyte 
migrate through the diaphragm to the anolyte, thus replenishing 
those removed in the precipitation of the lead ions. Slight traces of 
carbonate can be detected in the anolyte, but it is entirely free of 
dissolved lead salts; there is no sodium carbonate present in the film 
m contact with the anode. In practice, in order to replenish and 
conserve chemicals and to restore the loss in volume of catholyte 
due to the decomposition of water at the cathode, evaporation, and 
mechanical losses, anolyte is added to the catholyte in a small con¬ 
tinuous stream. This introduces sodium acetate into the catholyte 
which is also acted upon by the electric current, the acetate ions 
replacing a part of the hydroxide and carbonate ions that migrate 
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to the anolyte. This loss is compensated for by permitting a certain 
seepage of catholyte into anolyte through the diaphragm by select¬ 
ing a fabric of the desired porosity and maintaining a slight hydro¬ 
static head of catholyte in the cathode compartment. The addition 
of relatively small amounts of anolyte to catholyte, and vice versa, 
permits adjusting the sodium concentration of the two electrolytes 
and the conservation of chemicals since all make-up solution can 
then be added to the anolyte in the form of filtrate from the filters. 
All anolyte in the filter cake is replaced by water in the washing 
step. 

During electrolysis lead goes into solution from the anode to form 
lead acetate. As this diffuses away from the anode, it meets sodium 
carbonate as the result of CO3 ions passing through the diaphragm 
from the cathode compartment under the influence of the electric 
current. White lead is then precipitated by the following reaction: 

3Pb(C2H302)2 + 4Na2C03 + 2 H 2 O 

2 PbC 03 •Pb(OH )2 (white lead) + 2 NaHC 03 + 6 NaC 2 H 302 (57) 

It settles to the bottom of the cell to be carried from the cell in 
suspension in the anolyte as it is withdrawn. This pulp is then 
settled in a Dorr thickener yielding a clear overflow and a spigot 
containing about 20 per cent solids. The former is returned to the 
cell after compositional adjustments and the latter is filtered, 
washed, and dried. 

The spent catholyte is pumped to carbonating towers, where it 
passes down through them, countercurrent to a current of carbon 
dioxide gas (this carbon dioxide is cleaned and washed by the usual 
methods) from a deep-bed coke furnace. Operating data for this 
plant are given below: 

New anode, weight 
Scrap anode, weight 
Time of corrosion 
Cell voltage 

Current density, square foot 
Current efficiency 
Anolyte temperature 
Thickener feed, solids 
Thickened pulp, solids 
Washed filter cake, solids 
Dried product, moisture 
Drier temperature, maximum 


250 pounds 
75 pounds 
85 hours 
3.5 

29.6 amperes 
97 per cent 
40"C 

0.6 per cent 
30 per cent 
65 per cent 
0.2 per cent 
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SPECIAL PROCESSES 

419. The Harris Process.^ This method, involving a dry treat¬ 
ment with molten sodium hydroxide, nitrate, and chloride, and a 
subsequent wet treatment to recover antimony, arsenic, and zinc, 
is carried out in a special machine shown in Figure 62. The metal 
to be treated is caused to circulate rapidly in a finely divided state 



a Supporting frame 
fr Reaction cylinder 
0 Stirrer 
d Feed plate 
e Pump 
/ Distributor 
g Motor 

h Heating envelope 
i Flue gas inlet 
j Flue gas outlet 
k Valve 
I Driving gear 
m Reagent feeder 
41 Delivery pipe 
o Floor level 


Fig, 62. Harris Machine. 

through the molten reagent, which is contained in the cylinder of a 
portable self-contained machine resting on the rim of a kettle. Both 
are heated in order to maintain both metal and purifying agent in a 
molten condition, the kettle by means of an oil burner, the cylinder 
by means of the waste gases. Provision is made for feeding dry 
reagent into the cylinder at any desired rate. The pump draws 
molten lead from the bottom of the kettle and discharges it into the 
retreatment cylinder in a finely divided condition. In dropping 
through this molten reagent, most of the impurities are removed and 
the purified metal accumulates in the kettle proper. The level of the 
material in the kettle and cylinder can be controlled by means of a 
clack valve m the bottom of the cylinder. The lead is circulated at 

^Engineering and Mining Journal, Vol. 125, 1928, pp. 726, 809, 893. 
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the rate of about 10 to 12 tons per minute. When the lead is purified, 
or the reagent saturated with the various impurities, the reagent may¬ 
be removed from the kettle by closing the clack valve and causing 
it to rise in the upper cylinder. 

In the reagent sodium hydroxide constitutes the principal compo¬ 
nent in combining with the arsenic and antimony to form arsenate 
and antimonate. Sodium chloride is used to lower the melting point 
of the mixture whereas sodium nitrate acts solely as an oxidizer. 



The reagent can be used until it becomes saturated with impurities. 
The reactions taking place are: 

2 Sb -h 4NaN03 -|- 2 NaOH —> 2NaSb03 + 4NaN02 + Ha ( 58 ) 

2 As 4 - 2NaN03 + 6NaOH -> 2Na3As04 + 2NaN02 + SHa ( 59 ) 

The saturated reagent, after removal from the kettle, is treated 
with water, as indicated in Figure 63 . Sodium antimonate is in¬ 
soluble in both hot and cold solutions of caustic soda saturated with 
sodium chloride; sodium arsenate is soluble in the above solutions 
when hot but insoluble when cold. From this treatment two products 
are obtained: sodium antimonate, containing about 49 per cent of 
antimony that can be reduced to metallic antimony, used in enamels, 
or converted into other products containing antimony; and sodium 
arsenate (containing twelve molecules of water of crystallization), 
which finds a ready market for insecticides and wood preservatives. 
The solution in which sodium hydroxide has been regenerated, and 
containing in addition sodium chloride and sodium carbonate, is 
evaporated, crystallized, and returned to the circuit. 
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This process may also be used in place of the conventional refin¬ 
ing of zincky lead from the Parkes process. This lead, under ordi¬ 
nary operating conditions, contains about 0.55 per cent of zinc. 
Treated by the same reagents, the following reactions take place at 
temperatures varying from 390° C at the start to 460° C at comple¬ 
tion of the purification: 


2NaOH -f Zn ^ NagZnOs + H 2 (60) 

NaaZnOa + HgO 2NaOH + ZnO (61) 

This reagent when saturated is treated in a manner similar to 
that used in the recovery of arsenic and antimony. The zinc oxide 
precipitates out, is filter-pressed, washed, and dried for market. The 
solution is evaporated to recover the reagents and returned to the 
circuit. 

The advantages of the Harris process over the conventional method 
of softening and refining are: 

1. The operating costs, particularly in fuel and labor, are less. 

2. There is entire elimination of dross and flue dust treatments. 

3. The metal losses and interest charges are less. 

4. There is less loss by volatilization. 

5. The recoveries of antimony and zinc (antimony, 95 to 97 per 

cent, zinc, 90 per cent) are much higher than in the conventional 
process. 


The only disadvantage is the difliculty in handling the drosses. 
They contain l^rge amounts of sodium hydroxide, which, being hygro¬ 
scopic, becomes a slimy, sticky mess and is very difficult to handle 
about the plant. 

The Betterton Process.* In this process (carried out in a 
kettle shown in Figure 64 ), used in desincking lead from the Parkes 
procras, the molten bullion is treated with gaseous chlorine, whereby 
the sine IS recovered as sine chloride. The molten bullion at a tem¬ 
perature of 360 °- 400 °C is pumped from the bottom of the kettle 
mto a reaction cylinder, where it is exposed to gaseous chlorine ad¬ 
mitted at a smtable rate from the chlorine tank at the right Cir¬ 
culation of the lead is maintained at the rate of 8 to 12 tons ner 

Zme chlonde forme m the reaction cylinder, collects on the surface 

Techmeal Paper 
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of the lead, and can be removed for retreatment. A 200-ton kettle 
with an overall cycle of about 8 hours will treat about 18,000 tons 
per month and yield a refined lead containing 0.005 per cent zinc. 

The crude zinc chloride contains small amounts of lead chloride 
and also lead “prills” (small particles) mechanically entrained. This 
lead may be removed by treatment with metallic zinc at a tempera¬ 
ture of 400° C., yielding a zinc chloride which is 99 per cent pure. 
Another method involves electrolysis, yielding metallic zinc and 
chlorine which can be returned to the process. 



The cost of the retreatment with chlorine is approximately the 
same as the conventional method of fire refining and enjoys the 
advantages of the elimination of the lead loss and the production 
of a valuable zinc chloride. (In the conventional process all the 
zinc and a large part of the lead are lost in the slag.) 

421. Debismuthizing Lead with Calcium.^ In the Parkes process 
bismuth “follows the lead.” The electrolytic process for refining 
lead, disregarding any precious metal content, is not economical for 
metal containing less than 1 per cent of bismuth. Corroding lead 
must contain not more than 0.05 per cent of this metal. 

In the Kroll-Betterton process the bullion after desilverization is 
treated with metallic calcium and magnesium at a temperature of 
485°C. The lead forms with the calcium an intermetallic compound, 
which probably forms another ternary compound with bismuth and 
magnesium, yielding a dross which may contain more than 5 per cent 

1 Transactions of the Electrochemical Society, 1931. 
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of the metal and a lead containing less than 0.05 per cent bismuth. 
The last traces of arsenic, antimony, silver, and copper are also 
removed by this treatment, although tin is not affected. By treat¬ 
ing this dross again it can be concentrated up to 10 per cent of bis¬ 
muth and this metal recovered by conventional methods. (See 
Article 128.) Some residual calcium remains in the lead, depend- 
ing partly upon the excess of calcium introduced as well as upon the 
solubility of calcium in the alloy at its melting point. This residual 
calcium, when present in amounts less than 0.05 per cent, serves to 
harden the bullion. It may easily be removed by blowing with 
steam, chlorine, or some oxidizing material, but usually the alloy 
itself can be marketed. 


SMELTING OF STORAGE BATTERY PLATE SCRAP 

422. General. Since 1915, with the very rapid expansion of the 
automotive industry and with a more general use of the lead type 
storage battery, particularly in the aeronautical and radio industry, 
the reclamation of lead from scrap batteries has become an industry 
by itself. At first glance the problem would seem to be simple be¬ 
cause much of the lead is already in the metallic form, and although 
a portion of the lead and antimony can be easily recovered the re¬ 
covery of more than 90 per cent of the metal content is very diffi- 
cult. The batteries as received may be in any one of the several 
stages of disintegration, which makes sampling, and therefore charge 
calculation, difficult. In one shipment may be loose plates, wooden 
separators, lead lugs, and rubber caps. As a result the scrap will 
consist of varying proportions of metallic lead, the various oxides 
lead, lead sulfate, wood, rubber, glass, and plastic. The plates 
may contain a trace to 15 per cent of foreign matter and 2 to 20 
per cent of moisture. The clean dry plates (free from foreign mat- 

n nr’’™™"*'*’' “ ^ per cent anti- 

anda 2 rto 060 per::tr„ “ 

WjTn treatment methods have been developed, each of 

whmh has both good points and serious disadvantages. These meth- 

or rever- 

the le»"J thus recovering 

the lead and antimony as an alloy, usually containing about 6 
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per cent antimony. While simple and direct, this method has 
three disadvantages. First, a rather high temperature is re¬ 
quired to liquefy properly the slag-matte mixture resulting 
from the smelting of such impure materials, which in turn cause 
high losses in fume. Second, the sulfur in the charge produces 
considerable matte which not only is so low grade as to make 
sale difficult but also results in serious losses in lead and anti¬ 
mony. Third, the antimonial lead so produced cannot be used 
directly for the making of new plates without adding more 
antimony, and at times it becomes a drug on the market. 

2. The scrap may be smelted without a flux in a hearth furnace or 
rotary kiln yielding as products a soft lead and a lead-antimony 
slag. Such lead can be readily sold, but the treatment and 
the disposal of the slag are problems. It could be reduced by 
a second treatment to antimonial lead, but again the slag and 
fume losses are high. Even then, only large companies produce 
enough such slag for economical treatment. 

3. The oxidized portions of the scrap may be separated from the 
melt by mechanical treatment or liquation. Although this pro¬ 
duces a marketable soft lead, the treatment of the oxides and 
sulfates of lead and antimony inevitably results in low recov¬ 
eries and high treatment costs, particularly in small plants. 

4. A method has been proposed by Professor Carle Hayward of 
the Massachusetts Institute of Technology which gives prom¬ 
ise of solving many of the difficulties outlined above. Briefly, 
it consists of removing the sulfur from the scrap with a solu¬ 
tion of soda ash and smelting the desulfurized plates with a 
newly developed slag which will absorb most of the antimony 
and relatively little lead. 

Of these four methods only the two most important will be 

discussed. , j i j f 

423. Blast Furnace Treatment. Although a standard lead fur¬ 
nace could be used, by reason of the small tonnages usually treated, 
it is customary to use a small, circular one with a capacity of 30 
to 50 tons of lead per 24 hours. On the whole, less trouble is ex¬ 
perienced with hearth and wall accretions than with an ore fur¬ 
nace, provided one maintains a good slag and a hot furnace. A 
typical “soft” lead (6 to 7 per cent antimony) charge is given 

on page 335. 
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Coke 

Pounds 

70 

Dump slag 

120 

Limestone 

20 

Iron ore 

10 

Battery plates 

650 

Blast furnace dross 

100 

Return matte 

50 


The products from such smelting will be lead, matte, speiss, flue 
dust, and slag. In the industry lead produced from battery plate 
scrap is termed soft lead, even though it contains 2 to 5 per cent 
of antimony, 0.20 to 0.60 per cent of copper, 0.3 to 0.7 per cent of 
arsenic, and 0.1 to 0.4 per cent of tin. If it contains more than 7 


per cent antimony, it is called hard lead. The matte produced will 
be very low grade containing 0.40 to 0.70 per cent copper, 35 to 40 
per cent iron, 18 to 25 per cent lead, and 17 to 30 per cent sulfur. 
Since it is not adapted for concentration smelting, it is usually 
roasted and the lead recovered in a reverberatory furnace. The 
slag usually contains 28 to 33 per cent silica, 30 to 35 per cent iron 
and manganese oxides, 18 to 20 per cent calcium, barium, and mag¬ 
nesium oxides, 0.2 to 0.5 per cent antimony, and 0.50 to 1.25 per cent 
lead. It has been found that if the percentage of calcium and mag¬ 
nesium oxides is 18 or higher, the slag will usually contain less than 
2 per cent; but if lower than this critical limit, it will run from 1.5 
to 8 per cent lead. Approximately 3000 pounds of flue dust is pro¬ 
duced in treating 50 tons of battery plates which will contain about 
per cent lead, 1.7 to 4.5 per cent antimony, and 8.5 per cent sul¬ 
fur. This flue dust is returned for retreatment. 


m. Leaching and Smelting.^ It will be noted from the pre¬ 
ceding discussion that there are several serious shortcomings to 
simple smelting. The fume losses are high because of the high tem¬ 
perature required in the furnace to obtain a free-running matte and 
slag. T^he sulfate in the scrap is reduced to sulfide, causing fume loss 
and a low-grade matte. With the new process the scrap is first 
leached with a cold concentrated solution of sodium carbonate re- 

altered with the object of (a) reducing the temperature so that the 
operation could be carried on in steel containers, (6) using a flux 
which would absorb antimony but little or no lead, (c) reduLg the 
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antimony in the slag with carbon to a metal and at the same time 
regenerating the slag for reuse as a flux, and (d) making the process 
continuous. 

With these objectives in mind, a flux of low melting point, con¬ 
taining 40 per cent sodium carbonate, 30 per cent potash, 20 per 
cent borax, and 10 per cent fluorspar was used. Such a slag melts 
at 600° C and pours readily at 650°C. The softening furnace was 
constructed on the countercurrent principle. Experiments have in¬ 
dicated that the optimum operating temperature for the softening 
furnace is 680° to 720°C. Below 680°, softening is slow and above 
720° the furnace lining deteriorates badly. Niter increases the rate 
of softening but it is usually necessary to provide for blowing the 
charge with air to insure complete oxidation. As the antimony oxi¬ 
dizes and enters the slag, the fluidity of the latter increases but tin, 
if present, tends to reduce the fluidity. 

The flux may be reused many times, but when saturated with 
antimony it is necessary to reduce the antimony with carbon and 
regenerate the flux. The antimonial lead thus obtained usually 
contains 40 to 50 per cent antimony, but with retreatment it is pos¬ 
sible to obtain a product containing 98 per cent. The slag usually 
contains less than 0.2 per cent of the total lead, and the recovery of 
lead and antimony is of the order of 98.5 per cent of the metallic 
content of the material smelted. 

425. Reverberatory Furnaces. Some operators use a stationary 
reverberatory furnace for treating the battery plates or the by-prod¬ 
ucts, but it is found that this type of furnace can handle only about 
20 per cent of the tonnage of a blast furnace. The tilting rever¬ 
beratory tends to make the operation somewhat more flexible and 
the tonnage treated slightly higher than with the stationary type, 
but it too has a capacity much less than the blast furnace. T e 
rotary type furnace is superior to either the stationary or tilting 
type because of the shorter smelting cycle and the natural mixing 
of the charge caused by the rotation of the furnace. Furthermore, 
the bath receives heat from the bottom as well as the top, giving a 
more uniform bath temperature. The smelting rate is still far re¬ 
moved from that of the blast furnace. 

HYDROMETALLURGY OF LEAD 

426. General. The successful reduction of lead in either the ore 
hearth or the blast furnace requires an ore or concentrate containing 
30 to 60 per cent lead. Most of the lead ore now being mined is ot 



LEACHING 


33/ 


low grade, about 6 to 10 per cent lead, which cannot be economically 
smelted by pyrometallurgical methods. It follows then that some 
hydrometallurgical method would dispense with the inefficient concen¬ 
tration process and the costly smelting step and produce lead cheaply, 
directly, and quickly. Unfortunately research has failed so far to 
produce any such process that can compare with the successful leach¬ 
ing methods already developed for the recovery of zinc, gold, silver, 
or copper. Many are in the experimental stage, but few have passed 
beyond the small plant of 50 tons daily capacity. 

Besides the low-grade lead ores, there are a great many other mate¬ 
rials adapted to this sort of treatment. Electrolytic zinc plant tail¬ 
ings often contain lead and small amounts of gold and silver. These 
are too low-grade for treatment in a blast furnace, nor can they be 
successfully cyanided for the precious metals. The fact that the 
grinding has already been done in connection with the recovery of 
zinc renders them particularly attractive for a leaching treatment. 
Flue dust from lead and zinc smelters is not well suited to smelting 
owing to its chemical composition as well as its physical make-up. 
Ores of lead containing the sulfate or carbonate are difficult to con¬ 
centrate owing to the brittleness of the minerals and to the fact that 
they are not amenable to the flotation process. Tailings from old con¬ 
centration plants being in a fine state of subdivision and partly oxi¬ 
dized offer an admirable product for leaching. 

427. Conversion to Soluble Form. Most of our lead is derived 
from sulfide ores, but so far no suitable reagent has been found for 
dissolving this lead sulfide directly—at least none cheap enough for 
commercial use. It is necessary to convert this lead into some more 
soluble form—either the sulfate, carbonate, or chloride—before leach¬ 
ing. The sulfate and chloride are soluble in brine, the carbonate in 
acidified brine. 


Sulfide ores can be easily and quickly converted to the sulfate by a 
carefully controlled, low-temperature roast (400° to 550°C). Sulfuric 
acid treatment has been suggested for the sulfate, whereas chloridizing 
may be carried out by roasting the ore in the presence of salt or by 
treatment with hydrochloric acid or ferric chloride. 

428. Leaching. Lead chloride, lead sulfate, and silver chloride are 
dissolved by a neutral saturated solution of sodium chloride or a 
strong solution of calcium or magnesium chloride. Some processes 
use a little excess chlorine, and, where silver chloride is being leached 

or acid to dissolve any metallic 
silver or sulfide which may be precipitated by other sulfide minerals 
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429. Precipitation. Sponge iron will precipitate lead from brine 
solutions at ordinary temperatures. Electrolysis with both soluble 
and insoluble anodes has been tried. Chemical precipitation with zinc 
hydroxide, sodium carbonate, or sodium sulfide has been tried also, 
but either electrolysis or sponge iron is more popular. 


VOLATILIZATION PROCESSES 

430. General. By raising the temperature of chloridizing roasting 
to about 1050°C, gold, silver, copper, and lead can be volatilized as 
chlorides from their ores, and metals recovered from the fumes pro¬ 
duced. Commercially the process is carried on in a conventional 
cement kiln, about 100 to 125 feet in length and 10 feet in diameter, 
fired with a pulverized coal or fuel oil. Both the ore and. salt are 
crushed to pass a 20-mesh screen. The chemical reactions are the 
same as those involved in chloridizing roasting. Although the process 
is applicable to all ores in which the metals do not occui in native 
form, regardless of the gangue constituents, on the whole this process 
has not been extended to large commercial units, in part because of 
the difficulty of collecting the metallic chlorides and in part because 
of the difficulty of treating them after they have been collected. 

The metallic chlorides are driven from the ore in the form of vapor 
and may be recovered by Cottrell precipitators or bag houses. This 
finely divided fume is then dissolved in water and the metals precipi¬ 
tated by electrolysis or cementation. 

431. The Waelz Process. This process is applicable to all ores 
containing zinc, lead, cadmium, arsenic, antimony, bismuth, or tin, 
and consists briefly in treating the ore or residue with solid carbona¬ 
ceous reducing agent in a horizontal, rotary kiln, where it is dried and 
heated by the hot gases. A strong reducing atmosphere within the 
charge frees the metals which are volatilized. The oxidizing atmos¬ 
phere above the charge in the kiln then oxidizes the escaping metallic 
vapors as well as the carbon monoxide. The fume and gas from the 
kiln are treated in a bag house or by Cottrell precipitators. Because 
this process has had its widest application in the treatment of low- 
grade zinc ores, the description is reserved for the chapter on the 
metallurgy of zinc. (Sec Article 674.) 
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432. History. In 1808 Sir Humphry Davy found that Epsom salt 
contained a new metal which he called magnium and he produced an 
amalgam of it. In 1830 Bussy made the first pure metal by effusion; ^ 
and, although many plants in England and France tried commercial 
production, the modern industry really began in 1852, when Bunsen 
made pure magnesium by the electrolysis of fused magnesium chloride 
in a porcelain crucible. In 1886 the first electrolytic plant began 
operations in Germany and up to 1914, when the blockade shut off 
our supply, this country was entirely dependent on Germany for its 
supplies. At that time the metal sold for as high as 5 dollars per 
pound. Several American concerns, among them General Electric, 
Norton Laboratories, American Magnesium Corporation, Magnesium 
Manufacturing Corporation, and Dow Chemical Company, began 
experiments, but of these only the last two were at all successful. 

The Dow Chemical Coinjiany has been the leader in the industry. 
As a matter of fact, for a number of years just before World War II, 
it was the only domestic producer. In 1920 the American Magnesium 
Corporation, which had patented the oxide cell, was taken over by 
the Aluminum Company of America. The oxide process, however, 
could not compete with the chloride, with the result that all electro¬ 
lytic magnesium is now lU’oduced in the chloride cell. 

433. Economics and Statistics. Strenuous efforts of the major 
producer in the 1920’s developed outlets for the metal so that by 1930 
about 4800 tons were produced in this country. With the murmurings 
of war, exjiansion by the major producer started, first from the brines 
of Midland, Michigan, and later (the first ladle was poured January 
21 1941) from sea water at a new plant at Frecpoit, Texas. cr 
then there was a belated rush for new processes and more production 
of magnesium. With the begimiiug of our stupendous airplane pio- 

1 This proccf^H involv(!(l hcadnK miiKncHiuin ohloriclc and metallic 
a KlaHH t!.hc. washinK nut the potassium cldoride. leaving globules of motallu 

magnoHium. 
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gram in 1940 and later our entry into tlie war, these new plants ex¬ 
panded the productive capacity of this country to about 300,000 tons 
per year. Of these plants the United States Government owns tliir- 
teen, with a capacity of about 250,000 tons i)er year. Re,search and 
expanded production has brought the price of the metal down, as 
shown in Table 64, from over one dollar per pound in 1018 to a ceiling 
price of 20.5 cents in 1945. World’s production figures are given in 
Table 63. 

TABLE G3 


Wokld’s Magnesium Production by Countries 
(Metric tons) 



1918 

1921 

1929 

1932 

1939 

1944 

Canada 


* 



• 

4,835 

France 

* 



• 

2,500 

842 

Germany 

* 

* 

2,000 

• 

16,500 

45,000 

Italy 



• 

• 

• 

3.000 

Japan 



♦ 

• 

• 

17,000 

United Kingdom 



• 

* 

5,000 

13.000 

United States 

142 

64 

665 

396 

4,831 

142,518 

U.S.S.R. 


« 

* 

0 

0 

5,000 


{Reprinted by permission of the McGram-Hill Book Co.) 
* Not available. 


Early in World War II it became necessary to restrict the civilian 
uses of magnesium because, in spite of the plant extensions, the de¬ 
mand for the metal for bombs, airplanes, ships, guns, and other im¬ 
plements of war far exceeded the supply. By 1945 these controls 
were removed and much stockpiled metal was made available for 
civilian consumption. In view of the large productive capacity of 
this country, and the competitive position of aluminum, the postwar 
outlook for magnesium is uncertain. The only certainty is that there 
will be a tremendous shrinkage in plant capacity and a vigorous cam¬ 
paign to discover new uses for the metal. 

In the Tariff Act of 1930 metallic magnesium and scrap were duti¬ 
able at 40 cents per pound and shapes, wares, etc., at 40 cents per 
pound of contained magnesium and 20 per cent ad valorem. The 
rate on the salts ranged from % cent per pound on the chloride to 7 
cents per pound for calcined oxide. The rate on the oxide was low- 
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ered to 5 cents on January 1, 1939, by a trade agreement with the 
United Kingdom, but the others have not been affected. 

434. Properties of the Metal. 


\tomic weight 
Specific gravity 
Melting point 
Boiling point 

Cloefficient of expansion (linear) 20°-100°C 
Specific resistance 20 °C 

rhormal conductivity 0-100°C 

Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 


24.32 
1.7388 
651 °C 
1107°C 
26.0 X 10"® 

4.4611 microhms 
0.376 cal/sq cm/cm/"C/sec 
2.0 

46.5 cal/gram 
0.2046 cal/gram/°C 


435. Marketing and Prices. Until about 1925 the market for this 
metal was strictly limited because of the high price. In 1883, the 
price of magnesium in Euroitc was about $32.00 per pound, but by 
the turn of the century it had dropped to $3.00. Before World War I 
the price in the United States was about $1.50, rose to $1.85, but in 
1944, as shown in Table 64, it had been reduced to $0,205 per pound. 


TABLE 64 

Prices of Magnesium 



Dollars per 


Dollars per 


Poll rui 


Pound 

1910 

1.25 

1932 

0.29 

1918 

1.81 

li)39 

0.27 

1921 

1.30 

1944 

0.205 * 

1929 

0.56 




Highest—1.8.5, .January, 1917. 

Lowest—0.205, June, 1944. 

* Ibxed by Federal control. 

436. Uses. It is evident that magnesium possesses some very at¬ 
tractive properties. Debate is spirited regarding its postwar possi¬ 
bilities. At the close of the war with Germany, about 25 per cent of 
the production was going into aircraft and 75 per cent into incendiary 
bombs. Under peacetime conditions practically all the bomb busi¬ 
ness and much of the aircraft consumption has been replaced by new 
commercial applications. With this situation in mind, we are justified 
in considering the relative advantages and disadvantages of mag¬ 
nesium as a structural inotal. 
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The established advantages of magnesium are (1) light weight, 
(2) excellent damping characteristics, (3) high fatigue strength, (4) 
non-sparking, (5) non-magnetic. 

The definite disadvantages are (1) a relatively low modulus of 
elasticity, (2) a high thermal expansion, (3) only fair resistance to 
corrosion, (4) impracticability at temperatures above 200°C, (5) 
susceptibility to stress corrosion. 

Magnesium alloys can be cast in sand, permanent molds, and in 
dies. In wrought form they can be rolled into sheet and plate or 
extruded into rod, bar, and wire, structural shapes, molding, and tub¬ 
ing. The alloys machine well and are readily joined by torch welding 
as well as by resistance. Consumption by industries is shown in 
Table 65. 

TABLE 65 

Consumption of Magnesium by Industries 


Alloy ingot 

Pounds 

4,037,936 

Per Cent 
of Total 
60.7 

Sand and permanent mold castings 

1,321,080 

20.0 

Die castings 

525,372 

7.9 

Structural shapes, rods, tubing 

308,443 

4.7 

Wire, ribbon, shavings, powder 

232,244 

3.6 

Sheet 

180,896 

2.7 

Forgings 

17,065 

0.3 

Other structural 

3,404 

0.1 

Total 

6,626,440 



437. Alloys. Magnesium, like pure metals, is relatively weak; 
consequently it is used as a structural material only in the form of 
strong alloys. Although it alloys with most of the common metals 
except iron, chromium, vanadium, molybdenum, and tungsten, the 
alloys in use are relatively few in number (the common ones are 
given in Table 66) because magnesium, as a fairly cheap commer¬ 
cial metal, has been available for only a few years. 

The most important series are those with aluminum because it is 
found that the mechanical properties of magnesium, such as strength, 
elongation, and hardness, are improved to a greater extent by the 
addition of aluminum than by any other individual alloying metal. 

IS IS indeed fortunate since the density of these magnesium alloys 
therefore is kept at a mi nimum 
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TABLE 66 


Magnesium Allots 



Composition, 






Per Cent 

Tensile 

Elonga- 

T^ri- 


Type 




Strength, 

tion, % 


Use 




lb sq in. 

2 in. 

ncii 



A1 

Mn 

Zn 





Sand casting 

6.0 

0.2 

3.0 

27,000 

5 

51 

General 

Sand casting 

9.0 

0.1 

2.0 

39,000 

10 

61 

Pressure-tight 

Die casting 

9.0 

0.2 

0.6 

33,000 

3 

66 

General 

Extrusion 

4.0 

0.3 

—• 

40,000 

16 

47 

General 

Extrusion 

8.5 

0.2 

0.5 

47,000 

11 

61 

High strength 

Forging 

6.5 

0.2 

0.7 

41,000 

9 

56 

General 

Forging 

3.0 

0.2 

3.0 

41,000 

16 

59 

Heat treatable 

Rolled 

6.5 

0.2 

— 

45,000 

9 

70 

High strength 

Rolled 

6.5 

0.02 

— 

39,000 

15 

57 

Annealed 


Zinc ranks second to aluminum in beneficial effect and gives alloys 
with better salt water corrosion resistance but distinctly inferior cast¬ 
ing properties. They tend to be hot short and exhibit only a narrow 
temperature range within which they may be worked successfully. 

Manganese is very distinctive in its effects on magnesium alloys, 
particularly in combination with aluminum. It increases the resist¬ 
ance to salt water corrosion as well as the tensile strength remarkably. 


Mineral 

Dolomite 

Soriiuatino 

Oliviiio 

Miigncflito 

Brucito 

Tlydromagiicsito 

Kicserito 

Kuinilo 

Langhoinito 

Talo 

8ca water 
Brines 


TABLE 67 


Magnesium Oues 

Composition 

MgC03-CaC03 

2Mg 28102-21120 

(Mg, Ec)Si04 

MgC03 

Mg(0H)2 

3MgC03 • Mg(0H)2 • 3 II 2 O 
MgSO^-IUO 
MgS04-KCl-31120 
2MgS04-1^2804 
H2Mg3(Si08)4 


Per Cent 
Magnesium 

13 

25 
28 
28 
41 

26 

14 
9 

11 

23 

0.13 

variable 
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Magnesium and its alloys are supplied to the trade in the form of 
sticks, ingots, blocks, powder, rods, bars, tubes, sheets, etc. 

438, Ores. As shown in Table 2, magnesium makes up about 2 per 
cent of the earth’s crust (fifth in abundance among the elements), and 
consequently the ores or raw materials for its production are abundant 
and well distributed. That it has not come sooner into importance in 
our daily lives is due to its great reactivity with other elements, thus 
making it difficult to produce the metal in a pure state. It is never 
found in nature as a metal but always combined with oxygen or chlo¬ 
rine, or as a carbonate, sulfate, or silicate. The most common forms 
suggested and used to date as sources of the metal are shown in 
Table 67. 

PRODUCTION OF MAGNESIUM 

439, General. As a matter of interest, as well as of possibilities, it 
is worthy of note that the following processes have been suggested or 
actually used commercially in the reduction of the metal. 

1. Reduction of magnesium compounds by a metal, e.g., reduction 
of anhydrous fused magnesium chloride with sodium or of mag¬ 
nesium oxide with aluminum. 

2. Reduction of magnesium compounds by carbon, followed by 
sublimation and condensation of the metal in a manner similar 
to zinc retorting, 

3. Electrolysis of anhydrous magnesium chloride or a mixture of 
magnesium chloride and another chloride in the fused condition. 

4. Electrolysis of magnesium oxide dissolved in a suitable fused 
bath in a manner similar to the Hall-Heroult process. 

5. Electrolysis of aqueous solutions of magnesium salts. 

6. Electrolysis of magnesium sulfide in a fused bath. 


THE MAGNESIUM CHLORIDE PROCESS 

chloride was originally obtained by the 
Dow Chemical Company from the brines of Michigan by evaporation 
n drying. It is now obtained from sea water or from the chlorina¬ 
tion of magnesite. In any case, the preparation of the salt both as 
regards purity and hydration is very important. As in the elec- 
^olysis of alumina, all impurities likely to be deposited with the 
magnesium must be absent from the cell feed else a less attractive 

TuoTartwTT' More stable chlorides 

such as those of sodium, potassium, or calcium may be present. 
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PRODUCTION OF MAGNESIUM CHLORIDE FROM BRINE 

441. Complete Drying of Magnesium Chloride. It is usually 
accomplished in two steps. After the crystalline salt IMgCU*61120 
has been obtained by evaporation and crystallization, countercurrent 
air drying is used to produce a material approximating IMgCU* I. 25 H 2 O 
and containing 1 to 3 per cent jMgO, by reason of the fact that the 
following reaction goes on to some extent unless drying is carried out 
in an atmosphere of hydrogen chloride: 

MgCl2 -2H20 ^ IMgO + 2HC1 + H 2 O (1) 

In this stej) it is necessary only to keep below the softening point of 
the drying material and to keep the humidity low enough so that 
water will not l)e reabsorbed. For this step one may use spray driers 
or flaking molten crystals of 55 per cent magnesium chloride or a 
combination of the two. Material thus obtained is known as “cell 
feed,” being suitable for introduction into the electrolytic cells, and 
will contain about 75 per cent MgCF. .This may be conveyed about 
the plant or transported in covered railroad cars considerable dis¬ 
tances without deterioration. 

Anhydrous magnesium chloride may be made from the 75 per cent 
MgCl 2 product by heating in a circulating atmosphere of dry hydro¬ 
gen chloride. Initially, a considerable amount of the decomposition 
is to magnesivim oxide and hydrochloric acid, but after the drying is 
complete, tlie liydrogen chloride atmosphere reconverts this mag¬ 
nesium oxide to the chloride. The product normally contains 94 per 
cent Mg(^l 2 , 1 ptT cent MgO, 2 per cent HoO, and the remainder im¬ 
purities. Formerly it was considered necessary to dehydrate the cell 
feed in this way, but current practice calls for the use of only a 
limited amount of this material. 

PRODUCTION OF MAGNESIUM CHLORIDE 
FROM SEA WATER 

442. General. In 1941 the Dow Chemical Company completed n 
plant for the production of cell feed from sea water at Freeport, 
Texas. A flow sheet of the plant is given in Figure 65. This plant grew 
out of one constructed at Wilmington, North Carolina, to extract 
bromine from sea water. The Texas location was selected because of 

(1) ample raw materials in the shape of salt, sulfur, lime, natural gas, 

(2) topographical and oceanic conditions for the handling of sea 
water and disposal of waste products, and (3) the existence of cer¬ 
tain shore facilities. 
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Magnesium Hydroxide. Sea water,' drawn 
from the bottom of the intake to insure full salinity, is desilted and 

which hi'* ■“ lime 

let? ff I ‘'y calcining oyster shells dredged from the 

reefs off shore. The reaction involved is: 

MgCl2 + Ca(OH)2 -> Mg(OH)2 + CaCl2 (2) 

To pnxiuce 1 tea of magnesium 8» tSs are mqutad ill ^ k“‘‘ r“/"- 
water wiU supply the plant for about 100 years. ’ ^ ® 
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The suspended Mg (OH) 2 is settled in Dorr tanks and the waste efflu¬ 
ent pumped into a near-by river that discharges some distance from 
the intake, thus avoiding impoverishment of the feed. This slurry 
is pumped to storage tanks and thence to filtration in Moore basket 
type filters 2 inches thick, 5 feet long, and 8 feet wide, each unit 
containing one hundred such leaves. This is discharged into a pit, 
creamed with dilute MgCl 2 solution, and pumped to the neutralizers. 

444. Neutralization and Drying. Here the reaction 

Mg(OH)2 + 2HC1 MgCl2 + H 2 O (3) 

goes on as 20 per cent HCl solution is mixed with the cake produced. 
The solution of MgCl 2 is concentrated. The concentration of such 
solutions in conventional evaporators presents difficulties because of 
the rapid increase in viscosity and freezing point of the solution with 
increase in concentration and because of the corrosiveness of the solu¬ 
tion. Success has been attained witb evaporators of the submerged 
combustion type. This method has the advantages of high thermal 
efficiency, direct use of cheap gaseous fuels without the intermediate 
production of steam, simple equipment, and suitability for handling 
corrosive or scale-forming liquids without expensive construction. 
Air and natural gas are introduced through a submerged burner and 
combustion products and steam exhausted by means of a steam ejec¬ 
tor. Solution is fed continuously at the top through an orifice, and 
concentrated solution overflows through a pipe located just above the 
bottom of the evaporator. Drying is carried out with shelf driers 
similar to Herreshoff roasting furnaces, 50 feet in diameter and 50 
feet high, each with twelve shelves. Here with air at 200°C the 
chloride is dried to an 85 per cent MgCU product which is suitable 
for electrolysis. 

PRODUCTION OF MAGNESIUM CHLORIDE 
FROM MAGNESITE 

445. General. One of the largest magnesium plants in the world 
has been built by the Basic Magnesium, Inc., in southern Nevada to 
utilize a large deposit of magnesite as a source of the metal. The ore 
sent to the mill (it must be beneficiated) must contain not more than 
4 per cent insoluble matter, 4.5 per cent CaO, 2 per cent FeO plus 
AI 2 O 3 . In this mill, by flotation, it is dressed to a product, with these 
impurities reduced to 1.5, 1, and 0.5 per cent, respectively. 
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446. Preparation. This raw material is then mixed with the 
proper proportions of coal, salts/ and peat to give a charge with the 
requisite chemical and physical properties. Coal acts as a reducing 
agent, peat makes the charge more porous, and the salts give a charge 
with the proper plasticity for feeding and handling. The magnesite 
is ground to 55 per cent minus 325 mesh, the peat to pass an 8 mesh, 
and the coal and salts 200 mesh. After being thoroughly mixed to a 
"dough,” part of this material is extruded into 2-inch blocks which 
are dried in an oven where the heat is sufficient to cement the mixture 
but not high enough to char the peat. Another part of the “dough” 
IS formed into 1-inch pellets which are dried in kilns, and the two 
forms are mixed as feed to the chlorinators. 


Efficient chlorination depends on certain definite physical charac¬ 
teristics in the pelletized chlorinator feed, namely, high porosity plus 
high resistance to crushing. The physical strength is derived from 
the^ oxychloride cement formed from magnesium oxide and mag¬ 
nesium chloride solution; its porosity is derived from coking the 
peat,^ which m turn serves as an absorbent for magnesium chloride 
solution in the initial steps of pellet manufacture. Recently plant- 
size investigations have dispensed with the use of peat. Its use in- 
volves expense and difficulty. It must be brought long distances, 
carefully prepared, stored, and reclaimed. It has been found possible 
to cast blocks of a slurry mixture of magnesium oxide, coal, salts, and 
water and then to heat-treat them to yield a honeycomb structure 
admirably adapted to the chlorination treatment. 

447. Chlorination. These vessels, shown in Figure 66, are main¬ 
tained at an interior temperature of 750° to 850°C by two sets of 
hree electrodes each. They are charged at the rate of about 840 
P unds per hour. Chlorine is introduced into the charge under the 
c^ditions outlined,_ with the result that anhydrous magLsium chlo¬ 
ride carbon monoxide, carbon dioxide, and some hydrocarbons from 
e decomposition of the coal are produced Thp mnlf i. j 
magnesium chloride collects in the ^ 0^4 n/r c 
drawn o9 about once eveiy hour furnace and is 

chloric acid and some magnesium'chloride as ““ 

^Magaesium chloride solution, see Article 447. 
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with calcine (magnesium oxide), and the resulting solution concen¬ 
trated to an average of 2.37 pounds per gallon of magnesium chloride. 



a Electrodes 
b Shell 

C Charging hopper 
d Chlorine pipes 
e Cleaning holes 


f Tapping hole 
9 Gas outlet 
h Refractory lining 
i Pyrometer 
j Hopper cover platform 
k Cooling water 



Section Y-Y 


Qevtitlon 


Fia. 66. Basic Magnesium Chlorinator. (By permission of the Defense Plant 
Corporation and Reconstruction Firuince Corp.) 


This solution is returned to the preparation plant and used for the 
production of more chlorinator feed. Left behind in the chlorinator 
is a residue composed of silica, alumina, iron oxide, and other im- 
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purities. They are so small in amount that it is necessary to clean 
out the chlorinators only every three weeks, when the electrodes are 
repaired or replaced, as necessity requires. When it is desired to tap 
a furnace, the molten charge, which flows and splashes like water, is 
drained out from a tap hole and conveyed to the electrolytic cells in 
a special ladle mounted on a battery-operated truck. 

Chlorine is obtained from the electrolysis of brine solution pro¬ 
duced from rock salt mined by the California Rock Salt Company 
in Amboy, California. Only that amount lost in the process must 
be made up for chlorine is returned from the cell house to join the 
primary stream. Hydrogen gas forms at the cathodes and is re¬ 
moved whereas sodium hydroxide passes out with the waste liquor 
from the Hooker type cell. 


OTHER PROCESSES FOR THE PRODUCTION OF 
MAGNESIUM CHLORIDE 

448. International Mineral and Chemical Corporation. This 
group is engaged in treating a langbeinite ( 2 MgS 04 -K 2 S 04 ) ore with 
sylvite (KCl), thereby precipitating potassium sulfate and leaving a 
mother liquor containing about 13 per cent of MgClg in a total con- 
centratmn of about 30 per cent solids. Through close control of con¬ 
centration and temperature, carnallite (KCl-MgCl 2 - 6 H 20 ) can be 
crystallized from the system and this decomposed to yield magnesium 
chloride of the desired purity. It is then concentrated by evaporation 
tyemove most of the KCl and finally dried in spray driers and 
shipped to an electrolytic reduction plant at Austin, Texas. 

449. Diamond Alkali Company. This interesting plant, near 
Pamesville, Ohio, produces both magnesium chloride and calcium 
hypochlorite. In this process calcined dolomite is hydrated under 
carefully controlled conditions. The calcium hydroxide is then 
treated with ammonium chloride; the ammonia is driven off, leaving 
ca cium chloride and magnesium hydroxide. This mixture is then 
treated wi h carbon dioxide to give a 10 per cent solution of mag¬ 
nesium chloride, and some sodium chloride, with the precipitated 

cium carbonate m suspension. Thickening and filtration remove 

aternuriM ““‘I* chloride solution is evapo¬ 

rated, purified, dried, and used as feed to the electrolytic cells The 

chlorine from these cells is then used to produce calcium h;pochlorit 
from calcium and sodium hydroxide solutions. WocMorite 
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THE ELECTROLYSIS OF MAGNESIUM CHLORIDE 

450. General. For reasons similar to those already discussed in 
the chapter on aluminum, it is not possible to electrolyze an aqueous 
solution of magnesium chloride. All commercial processes carry on 
this decomposition with igneous electrolytes. Those employed have 
always been mixtures of various chlorides because the electrolysis of 
even approximately pure MgCF would be impracticable by reason of 
its low electrical conductivity and high melting point (712°C). The 
addition of other chlorides, notably those of the alkali and alkaline 
earth group, all of which have a higher decomposition potential than 
magnesium chloride, lowers the melting point and improves the con¬ 
ductivity. As a result, most fused baths contain mostly sodium or 
potassium chloride ^ with only a minor quantity of magnesium chlo¬ 
ride, but compositions will be dependent on the raw materials avail¬ 
able in the locality. 

451. Bath Constituents. The Michigan brines, with which the 
original Dow cell was developed, contained magnesium chloride, 
sodium chloride, calcium chloride, and a little strontium chloride but 
very little potassium chloride and practically no sulfates. This was 
fortunate because sodium chloride has the advantages over potassium 
chloride of yielding a bath with a greater electrical conductivity, 
higher specific gravity, and at less cost. Calcium chloride compli¬ 
cates the problem because it builds up in solution unless small quan¬ 
tities arc withdrawn (“dipped”) from the bath from time to time in 
order to maintain the proper composition. It is obvious that all im¬ 
purities added to the bath must cither (1) be deposited with the 
cathodic metal, (2) be removed along with the chlorine gas, or (3) 
be "(li])pe(l” from the cell, as sludge, to control the composition. 

Magnesium produced in the cell will remove those impurities which 
alloy readily with it, such as aluminum, copper, nickel, zinc, silicon, 
and manganese. Fortunately, these arc not ordinarily present in the 
cell feed but, if present, and a pure metal is sought, they must be 
removed by special treatment. Other metals such as iron, boron, and 
mangan(>HC fall to the bottom of the cell to form a sludge which must 
be n>moved from time to time. If cell operating conditions are not 
right, these metals form shells around small particles of magnesium, 
resulting in a globule whose net specific gravity is greater than that 

• Early work in Gonnany wna done with cnrnalliio (KCl • MgClj • 6H2O) because 
this sail, is a natural prothait made in processing the poUissium salts at Stassfurt. 
DifTiculty was experienced because the sjjecifio gravity of the bath was danger 
ouhIv close to that of the metal. 
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of the bath, with a notable loss of magnesium. Magnesium oxide 
also causes some trouble, and it is difficult to remove it entirely from 
the cell feed. A part of it is electrolyzed in the bath, a considerable 
portion is rechlorinated to magnesium chloride, and the remainder 
(usually less than half of that added to the cell) falls to the bottom 
to join the sludge. There is of course considerable bath enclosed in 
the shells as they fall to the bottom. Disposition of impurities intro¬ 
duced by feed and removed by sludge is given in Table 68. 


TABLE 68 


Disposition of Cell Impurities 


Constituents 

Feed 
Analysis, 
per cent 

Lb Impuri¬ 
ties in 5200 
lb Feed 

Lb Impuri¬ 
ties in 210 
lb Sludge 

Sludge 
Analysis, 
per cent 

NaCl 

1 

52 

100 

^ 48 

CaClz 

0.75 

39 

25 

12 

MgCk 

75 

_ 

41 

20 

MgO 

2 

104 

42 

20 


Bath composition will be maintanied within the desired limits by 
withdrawing bath or adding bath ingredients. In general it appears 
desirable to maintain the total alkali and alkaline earth impurities in 
the feed at less than 2 per cent because this enables the operator to 
adjust his bath by the addition of more desirable salts. Sulfates 

inTh^c1lTV^^^^^^ undesirable 

sulfur or SO 2 . The sulfur may form iron sulfide or SO 2 and oxygen 
at the anode The upper limit of sulfate is regarded as 0.3 per IL 
An element which gives a great deal of trouble in the feed made 
rom sea water is boron. The vapor pressure of the halides of boron 
particularly the chloride, is high so that more than 70 per cent of the 

““ SasesLdlt CO ! 

form they are hberaterfromthf Lth'"'^Th 
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and exert a dispersing effect on the bath so that it is impossible to 
coalesce the globules. Less than 10 parts per million is not trouble¬ 
some; but if as much as 100 are present, difficulties appear. A mass 
of uncollectible metal forms 'which sinks to the bottom of the cell to 
join the normal sludge. 

THE DOW MAGNESIUM CELL 

452. General. The Dow cell, as shown in Figure 67, is a rectangu¬ 
lar steel pot about 6 feet deep, 5 feet wide, and 11 feet long, con¬ 
taining about 10 tons of the molten salts. They are capable of oper¬ 
ating in the range of 30,000 to 70,000 amperes and are arranged in 
series (108 cells) so that current may be delivered at voltages up to 
650.^ Each pot produces about 1000 pounds of metal per day at a 
current efficiency of 75 to 80 per cent. The voltage across the pot is 
6.3" and the power requirements 8 to 10 kilowatt-hours per pound of 
metal. External heat may be used to maintain the bath at 700°C or 
the ohmic resistance of the bath may be used to maintain the proper 
temperature (depending ujion the cost of local electricity). There 
are twenty-two graphite electrodes 8 inches in diameter by 9 feet 
long suspended from above the bath. 

The straight-line electrode arrangement and rectangular cell have 
been found to have a higher capacity per unit of floor space, less 
building cost, and facilitate dredging of the impurities. A brick super¬ 
structure supports slcevclike refractory curtain members, one for 
each anode. They arc easily removable and serve to blanket those 
portions of the pot and trap surfaces from which metal liberated 
thereon would not directly enter the traps. They also serve as a flue 
for the anodic gases to escape into the anodic gas chamber and be 
conducted away. They further serve to simplify maintenance of 
the cells and can safely, quickly, and easily be preheated for insertion 
in the cell. 

The cells, closed at the top with a cover plate, are fed continuously® 
through openings in this cover plate, except for periods of metal 
dipping, which is best accomplished on a non-feeding cell and is 
usually performed two or three times a day. Bath level is maintained 
at about the level shown in Figure 67. Sludging is performed once a 
day. The consumption of anodes amounts to about 0.1 pound per 
pound of magnesium produced. The anodes must be adjusted daily, 

> Work prior to 1942 had been carried out in the 100 to 200 volt range. 

* The decomposition voltage of MgCIa is 2.6 volts. 

3 In contrast to other cells the Dow does not require an anhydrous feed. 
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10 Cover plates 

11 Gas outlet 

12 Feed inlet 

13 Refractory cover 

14 Electrical riser 

15 Well cover 

16 Port 

Fia. 67. Dow Magnesium Cell. 


1 Cathode cell pot 

2 Central partition 

3 Carbon anodes 

4 Dredging wells 

5 Metal-collecting troughs 

6 Furnace setting 

7 Brick superstructure 
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during which time chlorine escapes into the cell room, with the result 
that unusually effective means must be provided for ventilation. The 
cover plate is also provided with a gas outlet connected with a duct, 
under suction, for the removal of anode gas from the cell. A heat- 
retaining and joint-sealing material, such as magnesia, is applied to 
the upper surface of the cover plate. 

The collection of the metal in the electrolytic cells is accomplished 
by inverted troughs placed under the bath level which catch the 
metal as it rises from the cathodes. These troughs guide the metal 
to the wells in the front of the cell from which it may be dipped. It 
is usually not necessary to refine the metal (99.9 per cent magnesium) 
further. It is dipped free of oxide and bath and cast into commercial 
ingots."^ Two dredging wells are also provided by means of which 
sludge (impurities) may be removed from the bottom of the cell as 
they accumulate. 

Because of the hygroscopic character of magnesium chloride, humid 
climates, the large amount of manual labor about the cells, and the 
large volumes of moist air moved, the safety and grounding problems 
in the cell room are usually considerable. The buildings should be 
built with maximum ventilation facilities, great care should be exer¬ 
cised to get proper electrical insulation, operating platforms, and bus 
bars,^ and no continuous steel member should be permitted to run 
parallel to the flow of current. In one of the recent installations a 
continuous plastic sheet is embedded in the brick wall of the building 
about 5 feet above the ground to prevent leakage of current to the 
ground. Cells once placed on the line usually operate for over 500 
days When interruptions for putting cells on or off are required, the 
current is dropped a few thousand amperes while the cell is being 


“jumpered out.”® -j a 

The anode products of the cell are chlorine, hydrogen chloride, and 

carbon dioxide totaling 7 to 10 per cent by volume and decreasing 
in the order named. The cells are maintained under a negative pres¬ 
sure of about 0.25 inch of water to remove these gases along with 
considerable inlcaking air. Since they are at a high temperature, 

1 The standard shapes are 16-pound notched bar ingot and 4 inch by 

A liTlinnfsTrkfrrq^i^^^^^ 475 tons of 0.5 by 9 inch copper bus bar. 

In son^e o bus bars have been used to release this coppe 

Lrml. It was painted with transparent paint and has corroded but little 

ce„ by . be„y t.n.po.,y connection. 
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they are conducted a short distance in brick, quenched with water in 
a section of graphite pipe, and then handled in Haveg (composed of 
asbestos fiber and a phenol resin) acid-resistant pij)e. The gases arc 
converted to hydrochloric acid, which is used as such about tlie plant. 

THE CARBOTHERMIC PROCESS 

453. General. In the early 1930’s the American Cyanamid Com¬ 
pany carried out some interesting research on the Hansgirg process 
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Fig. 68. The Carbothermic Process. 


involving the reduction of dead burned magnesite with carbon in an 
electric furnace and the condensation of the evolved magnesium with 
cold hydrogen. Plants erected abroad operated successfully for some 
^me just before World War II. On our entry into the war our 
Government financed the erection, at Permanente, California, of a 
large plant of a similar nature. By reason of the availability and 
subsequent sale to a near-by plant of the natural gas it was possible 
to use natural gas as the cooling medium instead of more expensive 
y rogen. A flow sheet of the plant is shown in Figure 68 

The basic principle of the process for the reduction of magnesia 
by carbon involves the reaction 

MgO -f C <=> Mg -j- CO a'l 
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which proceeds to the right at temperatures w^ell above the boiling 
point of magnesium. Table 69 gives the equilibria data for the re¬ 
action. The magnesia is reduced with carbon in an electric furnace. 


TABLE 69 


Equilibria Data on Reaction * 


MgO(c) -p C(c) Mg(gi) + CO(! 7 ) 



Pms - Pco 

°C 

AF° 

(Atmospheres) 

1,300 

38,260 

2.20-10-^ 

1,400 

31,250 

9.10-10'3 

1,500 

24,270 

3.1910'2 

1,600 

17,320 

9.75-10-2 

1,700 

10,400 

2.66-10-1 

1,800 

3,510 

6.53-10-1 

1,851 


1.0 

1,900 

-3,360 

1.48 

2,000 

-10,200 

3.09 

2,100 

-17,020 

6.08 

2,200 

-23,810 

11.27 


* T. A. Dungan, “Production of Magnesium by the Carbothermic Process at 
Permanente,” Transactions of the American Inslilvie of Mining and Metallurgical 
Engineers, Vol. 159, 1944. 


The magnesium vapor and carbon monoxide issue continuously from 
the furnace and are shock-chilled immediately by a continuous stream 
of natural gas. This chilling produces a fine magnesium powder 
somewhat contaminated with fine carbon and magnesium oxide by 
reason of the back reaction; 


Mg + CO MgO + C (5) 

Each reduction furnace consists of a carbon crucible, cylindrical 
in shape (5 feet in diameter) with internally tapered walls. The elec¬ 
trodes (20 inches in diameter) enter through a roof of 18-inch carbon 
blocks The crucible is insulated and the whole assembly ma e pres- 
sure-tight with u steel shell. Electrodes are sealed off with mgemous 
glands or stuffing boxes. The furnace operates at 150 to 170 vol 
Ld current up to 35,000 amperes per phase. The temperature of 

furnace is maintained at 1950° to 2050°C. 

464. Raw Materials. The raw materials are dolomite sea wate , 

and petroleum coke. The dolomite is calcined, treated with sea wa 
to replace the calcium with magnesium, and the resulting magnesium 
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hydroxide precipitated, washed, filtered, and dehydrated, thus pro¬ 
ducing a magnesium oxide of 96 per cent purity. This is then mixed 
with petroleum coke (low in ash and sulfur) and made into oval pel¬ 
lets for charging into the furnaces. It is essential that these pellets 
have the proper chemical and physical characteristics in order to be 
handled and fed into the furnace. Great care must be exercised also 
in this storing and feeding in order to avoid explosions. It involves 
purging out the air, first with nitrogen and then with hydrogen, be¬ 
fore introduction into the furnace. 

455. Condensation. The gases escape from a 10-inch hole in the 
vertical wall of the furnace, about 8 inches above the coke bed, and 
enter the shock-chilling chamber cone. Some of the dust (20 per 
cent) settles out in the cone; the rest is carried along with the natural 
gas through a 24-inch line to a heat exchanger, which is externally 
water-cooled, and thence to a bag house. The magnesium dust con¬ 
tains approximately 50 per cent magnesium metal, 20 per cent car¬ 
bon, and 30 per cent MgO. The carbon comes from five sources: (1) 
the back reaction MgO + C Mg + CO; (2) the electrodes which 
are consumed at the rate of about 18 inches per 24 hours; (3) the 
coke bed; (4) the volatile content of the petroleum coke; and (5) 
cracking of the higher hydrocarbons in the natural gas. A part of 
the gas in recirculated (up to 6 per cent CO), the rest is burned in a 
near-by cement plant, thus eliminating the necessity of purifying 
the gas ^ (about 13,000 cubic feet per minute per reduction unit). 

456. Sublimation. The magnesium dust is extremely fine (0.1 to 
0.6 micron) so that it is necessary to distill or sublime this metal in 
order to obtain a pure, compact metal for commercial use. (See 
Table 39, page 191.) The dust itself must be handled very care¬ 
fully because of the explosion hazard. It is mixed with asphalt and 
diluted with cleaning solvent or kerosene to yield a pasty mixture 
which can be extruded into the sublimation retorts. There the sol¬ 
vent is first distilled and the asphalt coked to form a non-dusting 
structure amenable to sublimation. 

The sublimation retorts, known as “bottles,” are vertical cylindri¬ 
cal vessels 56 inches in diameter and 22 feet high. The crystal con¬ 
denser consists of a cylindrical steel liner that extends from the top 
of the retort down 8 feet. The retort charge is loaded around the 
central core, 33 inches in diameter, which serves to maintain the 
charge against the walls of the retort and the core perforated so as 
to provide a ready escape for the metal vapor. Between the sublima- 
iThis was a difficulty in the original process using hydrogen. 
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tion and condensing portion of the retort is a heat dam which influ¬ 
ences the location and the type of crystals produced. The entire 
bottle is lowered into a retort furnace which is insulated and in¬ 
ternally heated with nichrome resistors. Gastight joints are provided 
so that a vacuum of about 3 millimeters of mercury may be main¬ 
tained during sublimation. (The furnace is also under vacuum to 
prevent collapse of the bottle.) AVhen all the solvent has distilled off 
the furnace is switched to another vacuum system at 0.2 millimeter 
of mercury and the metal distilled off. The solvent distillation and 
coking cycle is 24 to 36 hours, the sublimation cycle another 48 hours. 
Final sublimation temperature is about 800°C. 

Before the retort is stripped, the vacuum is broken by the admis¬ 
sion of hydrogen and the furnace vacuum is broken by air. It is 
then transferred by crane to a cooling pit where it is connected to a 
source of hydrogen and cooled for 12 to 15 hours. The hydrogen is 
replaced with nitrogen, the bottle opened, and the crystal ring, weigh¬ 
ing about 2200 pounds, removed, melted, and alloyed. 


THE PIDGEON FERROSILICON PROCESS ^ 


457. General. From a chemical standpoint, this is by far the 
simplest of the existing processes for the production of metallic mag¬ 
nesium. This method widens the choice of raw materials, relaxes 
the rigid electrolytic requirements of raw material purity, and re¬ 
quires less plant investment. The raw materials are dolomite and 
ferrosilicon, 75 per cent gradc.= The dolomite is calcined, the calcine 
and the ferrosilicon arc ground, mixed, and the mixture briquetted. 
These briquettes arc charged into tubular retorts of chrome-nickel- 
iron set horizontally in a furnace with the open ends projected out¬ 
side the front wall. The retorts are closed, evacuated (to lower the 
vapor pressure of magnesium, protect it from oxygen and nitrogen, 
and obtain dense deposits), and the magnesium is liberated accord¬ 
ing to the following reaction: ® 

2CaO + 2MgO + (xFo)Si —> (Ca0)2Si02 + 2Mg + (a-Fe) (6) 


Under the influence of the vacuum, at a relatively low temperature 
of 1160°C, the magnesium is distilled from the charge and condensed 

1 Tranmetiom of the Amencan Institute of Mining and Metallurgical Engi¬ 
neers 1944. Vol. 169, pp. 316, 362, 303-391. , 

a Carbon cannot bo used because it would produce carbon monoxide gas, a 
elaborate devices are required for shock-coolmg (see Article 453). 

8 Aluminum has been suggested but is not practicable. 
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on a removable sleeve set at the throat of the retort. Sodium and 
potassium, if present, are also liberated and constitute one of the 
difficulties of the process because they ignite when the sleeve is opened 
and may cause partial or complete loss of the magnesium. At the 
expiration of the distillation period the retorts are discharged and 
the cycle repeated. For a rated capacity of 14 tons of magnesium 
per day, about 170 tons of dolomite are required, equivalent to 85 
tons of calcine and 16.5 tons of ferrosilicon. The retort residue 
(mostly calcium silicate), at present a waste product, weighs 87 tons. 

458, Briquetting. A flow sheet of one of the plants using this 
process is shown in Figure 69. The production of strong, yet porous. 
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Fig. 69. Flow Sheet of Pidgeon Plant. {Courtesy of Amencan Institute of 
Mining and Metallurgical Engineering.) 

briquettes is essential for efficient operation of the process. Binders 
so far used have not been satisfactory and may still constitute a diffi¬ 
cult problem. Two-stage briquetting and relatively coarse calcine 
have proved helpful although a finer calcine is preferable if the 
briquette can be formed successfully. The average density of the 
briquettes is about 2.15. They are packed in paper bags, each con¬ 
taining 45 to 50 pounds for charging. 

469 Retorts and Condensers. The development of a moderately 
priced alloy which will withstand the high temperatures and loads 
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imposed upon it and yet have a long life has been another difficulty. 
The composition used at present is 28 per cent chromium, 15 per cent 
nickel, 0.30 per cent carbon, 1.25 per cent manganese, and 1.50 per 
cent silicon. To start the cycle, five bags of briquettes weighing 235 
pounds are charged, the retort fittings (shown in Figure 70) inserted, 
the paper burned off for 10 to 30 minutes to reduce the water, the 
retort sealed, the vacuum applied, and the temperature raised to 
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Fig. 70. Retort and Fittings. (.Courtesy of American Institute of Mining and 

Metallurgical Engineers.) 


1150°C. The average time under vacuum is 9.5 hours, during which 
time the vacuum is reduced from 1000 microns to 45 microns of mer¬ 
cury. Each four retorts arc connected to a Kinney mechanical vac¬ 
uum pump rated at 100 cubic feet per minute. Lower pressures than 
this increase the yield and rate of distillation little, higher ones slow 
up both rate of condensation and distillation. Cooling water, as indi¬ 
cated in the cross section of the retort and condenser, is circulated 
through the condenser. The furnace may be heated by low-pressure 
gas. One installation has three zones of burners (from top to bottom), 
tiie lower burning all the time, the upper two controlled automatically 
to regulate the temperature. The magnesium recovered per retort 
averages 31.5 pounds and the efficiency of the silicon 65 per cent. 

The magnesium deposit, called a “muff,” is driven out with a pneu¬ 
matic hammer, melted, and refined or alloyed for market. By this 
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process it is possible to produce magnesium containing less than 0.005 
per cent copper. 0.005 per cent lead, 0.003 per cent iron, 0.005 per 
cent nickel, 0.001 per cent manganese, and 0.008 per cent silicon. 
Under service conditions the retorts slowly collapse but can be 
“blown up’’ at intervals by compressed air at 100 pounds per square 
inch and thus restored for service. The average life, including this 
service after restoration, is 250 days. Final failure is due to scaling 
and cracking. 

MELTING AND REFINING OF MAGNESIUM 

460. Fluxes. All melting and refining processes for magnesium 
and its alloys require flu.xes. Typical fluxes are shown in Table 70. 

TABLE 70 


Fluxes for Melting and Refining Magnesium 


Flug • 

Compoition 

Amount 

Con- 


•No. 

KO 

1 

MgO 

BaCI; 

MrCIs 

CaFj 

MnCli 

in Pot, 
per cent 

tion, 
per cent 

Cliaracteristics 

310 

230 

250 

20.0 

55.0 

23.0 

15.0 

1 

9.0 

2.5 

50.0 

34.0 

15.0 

2.0 

2.5 

72.0 

1-3 

10-20 

0 

3 

1-C 

Variable 

Crucible type for direct 
pouring 

High fluidity for refining 
For introducing manga¬ 
nese into alloys 


• Dow Chemical Company. 


They have a magnesium chloride base and other halides or oxides 
to give a density or behavior exactly suited to the particular melting 
practice. Such fluxes must provide (1) a thin flux which can be used 
to wash the metal; (2) a somewhat thicker flux to be used for refin¬ 
ing operations; (3) a still thicker flux which will absorb the thin flux 
and develop a crusting protection on the surface that can be skimmed 
on or pushed back before pouring. 

461 . Melting Practice. There are four general methods of melt- 
mg practiced in this country, depending upon plant conditions and the 
aruci« being cast. They are the open pot method, crucible process 
^verberatory, and die casting. Magnesium with its low 3 

SrZdl “ difficult 

tamed m distillation processes, is very difficult to melt because it 
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is really a very finely divided solid and oxidizes easily. Furthermore, 
a variable, and sometimes appreciable, amount of oxide, nitrides, 
and other impurities is occluded in the crystals. Because of this 
contamination, great care must be exercised during the melting to 
use a fluxing technique that will prevent oxidation. Normally the 
crystals are charged into a “heel” of molten metal purposely left 
over from the previous batch or into a bath of molten flux in the 
bottom of the pot. Liberal quantities of the same flux are dusted 
over the solid charge and the crystals puddled into the melt or flux 
bath as soon as possible. After the charge is melted down, more 
flux is added and stirred thoroughly into the bath in order to separate 
the oxide and dross inclusions. The melt is allowed to settle^ for a 
few minutes and then as much of the dross and oxide as possible is 
dipped from the bottom of the pot before proceeding with casting, 
alloying, or refining. Magnesium crystals usually are. low in iron 
content but may contain sodium, potassium, calcium, and silicon. 
All except silicon are removed by reaction with the flux. Iron is 
usually removed by treatment with a flux high in manganese. When 
manganese is present up to its solubility limit, particularly in the 
presence of aluminum, iron is greatly reduced in solubility or tend¬ 
ency to stay in suspension and is precipitated to the bottom of the 
pot. By this means the iron content of the metal can be reduced to 
0 001 per cent. Manganese of course is present in notable quantities 
in most of the magnesium alloys used today. The preparation of 
solid metal and scrap is equally important because it may contain 
large quantities of oil, dirt, and carbonaceous material of other 
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462. History. Manganese was not discovered until 1774, and it 
was not until the discovery of its value in the steelmaking operation 
in 1856, by Mushet, that it assumed much importance in industry. 
Whereas there are many uses for manganese today, none of them 
approaches its importance as a deoxidizing agent in the manufacture 
of steels. Without manganese the steelmaking industry would be 
very seriously handicapped, and, unfortunately, our reserves of high- 
grade ores are very limited. 

463. Economics and Statistics. Up to the time of the develop¬ 
ment of the electrolytic process practically no metallic manganese 
was made, and consequently all statistics are usually expressed in 
long tons of manganese ore (50 per cent manganese). British India, 
Russia, and Brazil have always been the principal producers of the 
world’s manganese ore, but in recent years Russia has outstripped 
all others. At the present time, as indicated in Table 71, we are al¬ 
most entirely dependent upon foreign sources for this very vital raw 

TABLE 71 

World’s Manganesk Ore (50 Per Cent Manganese) Production 

BY Countries * 

(In Metric Tons) 



1910 

1918 

1921 

1929 

1932 

1938 

1944 

Brazil 

Gold Coast 

India, British 

South Africa 

Russia 

United States 

Totals 

(World's) 

253,953 

t 

813,722 

t 

668,050 

784.464t 

393,388 

30,776 

526.266 

t 

152,400 

310,763 

275,694 

7,310 

690,189 

287 

29,283 

13,748 

316,172 

414,760 

1,010,190 

9,349 

1,415,029 

60,379 

20,300 

51,510 

216,009 

None 

832,100 

17,777 

221,961 

363,106 

901,646 

551,742 

2,900.000 

25,321 

146,983 

512,554 

t 

56,055 

461,000 

224.632 

t 

1,855,000 

1,202,000 

3,900,379 

1,307,077 

5.850,000 

t 


(Reprinted by permission of McQraw-Hill Book Co.) 
• The Mineral Industry, McGraw-Hill Book Co. 
t Not available. 

t Hish-erade ore. _ 
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material because the metallurgy of manganese has been developed 
around the high-grade ores, of which we have no large deposits. 

In World War II, by reason of our vulnerable position, there were 
stockpile purchases of manganese ore as early as 1940. Increased 
prices and publicity failing to raise production (it increased only 
from 30,000 tons in 1939 to 40,000 in 1940), the Federal Government 
was obliged to finance the exploitation of domestic deposits, the 
building of treatment plants for the low-grade ores, and the importa¬ 
tion of large amounts of high-grade foreign ores. Early in the 
emergency the metal was placed on the strategic list, but so successful 
were the above efforts that it was shifted to the essential list in 1942 
and production continued at a high level throughout the war. The 
future of the domestic industry is uncertain because it is doubtful if 
our concentrates can compete with high-grade foreign ores, on a 
price basis, after the war. Furthermore, even though these new 
plants served our purposes during the war, it is felt that the utiliza¬ 
tion of our domestic ores still awaits an entirely satisfactory and 
completely demonstrated method for effective beneficiation. 

^ In the Tariff Act of 1930 manganese ore or concentrates (contain¬ 
ing in excess of 10 per cent manganese) was dutiable at 1 cent per 
pound of contained manganese; manganese compounds at 25 per cent 
ad valorem; and ferromanganese at V/g cents per pound. These have 
since been modified to % cent per pound plus 1^4 times the rate on 
manganese ore (but not more than 1% cents per pound), by a trade 
agreement with Canada. 

464. Properties of the Metal. 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 

CoeflBcient of expansion (linear) 
Specific resistance 
Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 


54.93 
7.44 
1240“C 
2150“C 
23 X 10-< 

4.4 microhms 
5.0 

64.8 cal/gram 
0.107 cal/gram/°C 


m. Marketing and Prices. Although manganese metal and some 
m^ganese compounds appear on the market, the common commercial 
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TABLE 72 


Prices of Ferromanganese 



(Long Ton- 

-80% Mn) 


1911 

37.51 

1932 

70.92 

1918 

277.50 

1939 

86.49 

1921 

79.53 

1944 

140.33 * 

1929 

105.00 

• . . . 



Highest—$290.00, June, 1918. 

Lowest—$36.00, July, 1911. 

* Fixed by the Office of Price Administration. 


the molten metal, thus making possible the production of cleaner and 
sounder ingots containing the desired amount of carbon, but also to 
impart certain special qualities to the finished product. Its impor¬ 
tance to us may be judged by the fact that about 16 pounds of man¬ 
ganese are required for each ton of steel or about 20 pounds of 80 per 
cent ferromanganese. On the basis of a production of 45,000,000 tons 
of ingots, which has been achieved on several occasions in this coun¬ 
try, we would require 450,000 tons of ferromanganese. Manganese is 
a constituent of alloy steels where, in amounts up to 14 per cent, it 


imparts attractive properties, chiefly of hardness. 

Manganese also finds an important use as an alloying agent with 
many of the non-ferrous elements. In the aluminum industry it is 
employed as a hardening agent because it is one of the few elements 
that may be added to aluminum, thus increasing its hardness, without 
having a bad effect on the corrosion-resisting properties. Manganese 
in small amounts, up to 3.5 per cent, is a constituent of the so-called 
manganese bronzes or more properly manganese brasses since they 
contain 32 to 48 per cent of zinc. In these the addition of this man¬ 
ganese increases the tensile strength until it approaches that of mfid 
steel and at the same time causes the brass to retain excellent casting 
characteristics. “Everdur” (95 per cent copper, 4 per cent silicon, 1 
per cent manganese) is characterized by a very high strength and 
great resistance to corrosion by many chemicals. In magnesium an 
its alloys manganese is added to improve the resistance to corrosion 


and to increase the yield strength. • • j 

Manganese compounds have other important applications in indus¬ 
try although most of them consume small tonnages. In the conven¬ 
tional dry cell battery manganese dioxide is used as a depo arizing 
agent; in glassmaking, because it is cheaper and more easily con¬ 
trolled than some of the other addition agents; and compounds of 
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manganese as driers in the paint industry, in which form they cause 
the oil vehicle to be more readily oxidized. 

467. Alloys. Only a few of the more important alloys are shown 
in Table 73 because in recent years small amounts of manganese 

TABLE 73 

Compositions of Manganese Alloys 


Ferromanganese 

(std) 

Spiegeleisen 
Manganese bronze 
Hadfield steel 
Al-Mn alloy (3S) 
Duralumin (I7S) 


Per Cent 


Mu 


78-82 

15-30 

3.5 

10 

1.0-1.5 

0.5-1.0 


Fe 


1.0 noax. 
1.0 max. 

0.3-1.0 


0.3 max. 
0.15 max. 

0.10 


6.75 

4.5 

1.0-1.4 


rem. 

0.4-2.0 


Cu 


0.05 max. 
0.05 max. 

0.05 


Zn 


Sn 


40 


AI 


Pb 


1.5 


1.5 

97 min. 
rem. 


Mg 


0.4 


0.5-1.0 


(too “esi' np?' are pyrolusite 

Z.e“ r. ■ ^ called "metallurgical” or "fur- 

factiire nf •'‘Sber grade, suitable for Uie manu- 

“battery” r"Sicartef“‘“‘ 

cent of silica, and not more than O.^refcTnt'oTph^rh*^"'' Vh' 
permissible high limit fnr ir^r,cent of phosphorus. The 

to be produce! t^racTiX afri ““he alloys 

degrades it by crowding out manrap “to the alloy and 

ratio of iron to manganese sb.. gmoral, the allowable 

80 per cent alToy OmHui 1 1 *0 10 for the 

may contain a Lch Lr 2 nriVT f^f^^ture of spiegeleisen 

40 per cent of“^ Tf" rcl^T"' 
iron ores. sually called manganiferous 

The outbreak of World War II in lQf?Q .i 

requirement of manganese ore or concentrate of ferr'LInganL^gradl 
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of about 1,250,000 tons. With the threat of the cutting off of ship¬ 
ments from our principal sources in Russia, Africa, India, Brazil, and 
Cuba we had to turn to our large but low-grade domestic deposits. 
In prewar years our production of 35 per cent ore had seldom ex¬ 
ceeded 40,000 tons per year. The development of new deposits, proc¬ 
esses, and plants will, it is hoped, bring our domestic productive 
capacity eventually to 650,000 tons of 60 per cent concentrate, which, 
with reasonably expected imports, will give us the necessaiy tonnage 
for our industry. Of this amount about 35 per cent will probably 
be obtained from Minnesota, 22 per cent from Montana, 17 per cent 
from Nevada, and 15 per cent from South Dakota. 

469. Concentration of Manganese Ores. The concentration of 
manganese ores, because of their friability, porosity, low specific grav¬ 
ity, and other characteristics, has always been a problem, and at¬ 
tempts to use washers or water gravity apparatus in the past have not 
been successful. In 1939 the problem was attacked anew by the 
Government, with the result that the following processes were devel¬ 


oped and give promise of success. _ 

At Anaconda, Montana, there is a large deposit of rhodocrosite m 
a siliceous gangue containing about 21 per cent manganese. It has 
been possible to grind, concentrate this ore by flotation to a 38 to 46 
per cent product, and then nodulize this product to one containing 
58 to 62 per cent manganese. It is hoped that eventually this p an 
will have a capacity of 140,000 tons of nodules per year. 

In Minnesota there are large deposits of “black ores” on the Cuyuna 
range containing 12 to 25 per cent manganese in the form PSilome- 
lane (hydrated MnOs). This ore is leached with dilute H 0 SO 4 , which 
dissolves the manganic material, and then with SO 2 solution to dis¬ 
solve the manganous. The MnS 04 solution thus produced is evapo¬ 
rated, and the sulfate is crystallized out and treated in ki ns o p 
duce MnOa nodules and SO 2 , which is returned to the process. Sim 

lar deposits are being utilized in Nevada. ^ 

The most promising of our domestic deposits in 0 ^^, 

and from a long-term point of view, are the shales of South Dakota 

which are estimated to contain 100 , 000,000 tons of 

Ire so low grade, however, that about 100 tons of sha e must be 

handled to obtain a ton of manganese metal. 
posed treatment is simple in that about 70 per 
in particles one-fourth inch or more in diameter 

ing and screening will yield a product which, when ^ned, ca^^b^ 
slaked in water and a manganese concentrate recover y 
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gravity concentration containing about 18 per cent manganese and 11 
per cent iron. This concentrate must be used as a diluent for the 
higher grade ores although several promising processes to utilize it 
directly have been suggested. 


PRODUCTION OF SPIEGELEISEN 

470. General. Spiegeleisen is really a white cast iron with 4 to 5 
per cent of carbon, 5 to 20 per cent of manganese, less than 0.05 per 
cent of sulfur, and less than 0.15 per cent of phosphorus. This alloy 
is produced in a blast furnace of the same general type as that em¬ 
ployed for the production of pig iron but usually considerably smaller. 
More coke and a higher temperature are required than for the pro¬ 
duction of pig iron, and the tonnage treated per day is much smaller. 
There is a considerable loss of manganese, usually about 40 per cent, 
one-sixth being lost as flue dust and five-sixths in the slag. To keep 
this latter loss as low as possible, fluxes should be watched care¬ 
fully so that the slag volume may be kept low. 


PRODUCTION OF FERROMANGANESE 

471. General. Ferromanganese can be produced in the blast fur¬ 
nace in the shape of an alloy containing 18 to 22 per cent manganese 
and 5 to 6 per cent carbon and about 1 per cent silicon. Not only 
IS the manganese content limited to these low figures but there is 
a tendency for the manganese to enter the slag.- Under such smelting 
conditions the upkeep of the equipment is excessive and the overall 
cost unduly high when the large amount of iron introduced is con¬ 
sidered. The general practice is to carry out this reduction in an 
electric furnace. Furthermore, the hydroelectric developments in 
this country since 1935 have made available large amounts of cheap 
current, which constitutes another inducement to use the rapid effi¬ 
cient, and flexible electric furnaces. The furnaces are lined with 
carbon or magnesite charged continuously, tapped every two hours, 
and the slag and metal separated in a settler. 


ELECTROLYTIC MANGANESE 

472. General. Investigations have been in progress for more than 
twenty years on electrolytic methods for the production of manganese 
It IS only within the last six years that a process has been de. 
rae w ich promises to be a commercial success. One incentive for 
.. e development of such a process lies in the fact that the electrolytic 
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metal is much purer than the commercially available forms of ferro¬ 
manganese, spiegeleisen and crude metallic manganese, because these 


Ore storage 


Crush & pulv. 


H 2 S 0 J Lime UqNHj 


Reducing furnace 



Catholyte 

storage 


Cell blocks 



_ 1 __ 

Anolyte ^ 

Anolyte 

Electrolytic 

MnOg —<- 

(warm) 

- 1 1-* 

tcooo 

- 1 - 



Cooling towers 


By-product 

crystals, 

Mn, (NHt)gSQ4 

Fio. 71. Electrolytic Manganese Process. {Courtesy of Electro Mangar^se 

Corp.) 

contain many undesirable impurities. Another incentive lies ^ 
possibility of finding properties m the pure metal which might p 
valuable to the chemical industry. Obviously, if sufficiently low 
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price/ the metal would be highly desirable for use in the manufac¬ 
ture of stainless steel thus enabling the operators to use more scrap, 
shorter furnace time, produce lower carbon contents more easily, etc. 
The metallurgists of the U. S. Bureau of Mines originally devised a 
process (commercially developed by Electro Manganese Corporation, 
Knoxville, Tennessee) which has been producing on a commercial 
scale since 1939 making use of low-grade, domestic ores and produc¬ 
ing, by electro-deposition, manganese containing 99.94 per cent of 
the metal. The process,^ shown in Figure 71, may be divided into 
the following fundamental steps. 


473. Roasting. The ore, mixed with carbon, is fed into a continu¬ 
ous, electrically heated furnace; it is heated to a point between 700° 
and 900°C for 30 to 60 minutes and then cooled to below 100°C 
out of contact with air (it is essential to exclude air as far as possible 
from the bins in which the ore is stored). 


474. Purification. Since all manganese ores contain iron in vary¬ 
ing amounts it is necessary to remove this iron before electrolysis is 
carried out. This might be done magnetically, but at the present 
time the reduced ore is leached with spent electrolyte which contains 
140 grams per liter ammonium sulfate and 40 grams of manganous 
sulfate. In the leach tanks arsenic and iron are removed by the 
addition of reduced ore, lime, or aqueous ammonia, arsenic being 
chemically combined or absorbed in the precipitate of ferric hydrox- 
resultant solution is pumped to a Dorr thickener from 
which the effluent and underflow are handled, as shown in the flow 
s eet, and the clear filtered leach extract is pumped to tanks where 
the pH IS adjusted by additions of lime or aqueous ammonia This 
solution which is slightly alkaline, is then pumped to purification 
tanks Ammonium sulfide is added, precipitating a mixture of cobalt 
nickel, manganese, and residual iron sulfides. Other heavy metals 

The precipitates are removed in 


to T' Sulfur dioxide, up to 0.1 gram per liter, is added 

^fter which it is electrolyzed in lead-lined 
cells Each cell measures 96 by 28 by 43 inches and has space for 

r-“ 

Courtesy of Electro Maugiuese Corporation, KnoxviUe, Tennessee. 
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have a capacity of approximately 5 gallons. Each compartment is 
slotted to accommodate a 36 by 18 inch stainless steel cathode. The 
electrical elements in each cell are connected in parallel and the cells 
in series. Between the cell lines are lead or rubber pipes which con¬ 
duct the electrolytes to the cell. Some lines conduct purified leach 
solution (catholyte) to the cathode compartments; others circulate 
spent electrolyte (anolyte) between the anode section of the cell and 
a cooling tower. 

Catholyte feed (the rate is adjusted for the maximum stripping of 
manganese from the solution) is regulated by maintaining a constant 
head in the feed tank. There are other factors which also affect the 
rate of feed, the most significant being the manganese concentration 
of the feed solution, current density, and the pH attained in the 
diaphragm during electrolysis. Rate of anolyte circulation is not so 
sensitive. The manganese metal is plated on 16-gage stainless steel 
cathodes whose surface condition is of the utmost importance. If 
rough, the manganese is difficult to strip; if smooth, internal stresses 
will cause the deposit to peel off during the plating operation. A 
current density of 40 amperes per square foot and a potential of ap¬ 
proximately 5.5 volts are employed in this process. 

Under the above operating conditions current efficiency is about 60 
per cent. As metallic manganese is deposited at the cathode, a cer¬ 
tain amount of manganese dioxide is also formed at the anode; it is 
taken from the bottom of the cell and returned to the leach tanks to 
oxidize and precipitate iron. Another product formed at the anode is 
sulfuric acid, which of course is used in the leaching operation. Leak¬ 
age, evaporation, and filter cake losses are reduced to a minimum and 
are'made up by periodic additions of acid and residue wash water. 
Plating cycles as long as 120 hours have been run successfully, but 

the usual cycle is 24 to 48 hours. 

Flexing back and forth of the deposited manganese, when removed 
from the cell, serves to strip it from the cathode, after which it may 
be broken up in small pieces and barreled for shipment. A typical 
analysis of the metal as now produced is sulfate sulfur, 0.006 per 
cent; sulfide sulfur, 0.011 per cent, and iron less than 0.001 per cent. 
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MERCURY 

476. History. Although the producers of this liquid metal call it 
“quicksilver,” the author prefers to use the more common name- 
mercury. This is another metal which, because of the ease with which 
the ore is reduced, has been known, and used, since ancient times. As 
a matter of fact, the use of the red sulfide, cinnabar, as a red pig¬ 
ment, antedates written history. Its chemical symbol, Hg, is derived 
from hydrargyrum—water silver. From the early records of Aristotle 
(384 to 322 B.c.) and Theophrastus (372 b.c.) we learn that the metal 
was commonly reduced from its ore and used for amalgamation, gild¬ 
ing and for medicinal purposes in those early days. Because it has 
the unique property of being liquid at ordinary temperatures, the 
alchemists, from a.d. 700 to 1100, associated with this unique and 
mysterious substance many mythical properties and used jt com¬ 
monly in their experiments as well as their ceremonies. They did 
not recognize it as a metal, believing that all metals were composed 
of various proportions of sulfur and mercury. They accounted for 
lieat clianges in a metal to the presence of sulfur and attributed the 
metallic properties, such as malleability and luster, to the merciiry. 
Torricelli in 1643 made the first mercury barometer; Fahrenheit, in 
1714 invented the mercury thermometer. It was not until about 
1700’ that Braunc of St. Pdersburg recogni^zed mercury as a true 

metal and succeeded in solidifying it at —40 C. 

The first large use of mercury was for the patio process invented 

Pachuca, Mexico, in 1557. This process, a modification of 
tion f..r IrcatinK silver ores, alone conHumed tor a number "t 
90 000 to 109,000 pounds of mcreury annually. Later, the g 
covericB in California, tollowe.l by tboae on the Comstock, m Nevada 
addc.1 trenh impetus to the demand, and tbe discovery of 

fulminate by Howard in 1799 brought out a "7 ‘"f 

477. Economics and Statistics. As indicated m Table 74 , the pio 
ductlon of mercury is concentrated in two countries, Italy a^ Spaim 
These entries pLcss very rich deposits which, '‘2 

labor, create a situation under which only our most favored domestic 

» g^Q 
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producers can compete. Before World War I the Rothschilds of 
England controlled the entire Spanish output, and by frequently 
renewed agreements most of the Italian and Austrian metal. After 
the war, however, this was changed so that, up to the outbreak of 
World War II, the Spanish and Italian governments controlled their 
production through a cartel agreement. In this country, when for 
a time mercury attained the price of over $300 per flask, earnest 
efforts were made to develop a domestic industry, with the result that 


TABLE 74 

World’s Meecurt Production by Countries ♦ 
(In Metric Tons) 



1910 

1918 

1921 

1929 

1932 

1938 

1944 

Italy 

Spain 

United States 

Total 

(World’s) 

894 
1114 
! 763 

1038 1 
567 
1119 

1071 

635 

216 

1998 

2476 

817 

1016 

816 

1 435 

2300 

1379 

620 

t 

t 

37,688 

3734 

3705 

2135 

5610 

2850 

5200 

t 


{Rented by permission of McGraw-Hill Book Co.) 

The Mineral Industry, McGraw-HiU Book Co 
t Not available. 
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1944 the price had dropped to below $100 per flask from a ceiling of 
$192, and by 1945 foreign competition made itself felt againd 
The Tariff Act of 1930 provided for a duty of 25 cents per pound 
on mercury and of 22 cents per pound plus 25 per cent ad valorem 
on mercurial compounds. These have not been altered since. 

478. Properties o£ the Metal. 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 

Coefficient of expansion (linear) 
Specific resistance 
Thermal conductivity 
Heat of fusion 
Specific heat 


200.61 
13.55 
-38.85°C 
357.25°C 
1.82 X 10-^ 

85.8 microhms 
0.02 cal/sq cm/cm/°C/sec 
2.66 cal/gram 
0.0332 cal/gram/°C 


479. Marketing and Prices. Domestic mercury is marketed in a 
cast iron bottle known as a “flask,” holding 76 pounds (the European 
flask holds 34.5 kilograms). The price range of the metal since 1939, 
shown in Table 75, has been an extreme one, owing in part to the 


TABLE 75 


Prices of Mercury 
(In San Francisco) 



Dollars per 


Dollars per 


Flask 


Flask 

1910 

46.51 

1932 

57.925 

1918 

116.54 

1939 

103.940 

1921 

45.462 

1944 

130.00 * 

1929 

122.145 

.... 



Highest—300.63, February, 1916. 

Lowest—39.63, January, 1911. . . • • 

♦ Ceiling price of $192 established by the Office of Price Administration in 1942. 

demands for munitions and in part to the fact that 70 per cent of the 
world’s output is controlled by two countries. 

480. Uses. In this connection A. Z. Udell ^ has written aptly of 
mercury, “Fickle in its occurrence in nature, simple in its metallurgy, 
elusive in captivity, it serves man in life or death, in war or peace, 
in commerce, science, and art, in mining, agriculture, and forestry, 

1 The trend is evident because in the first eight months of 1945 we imported 
over 61,000 flasks, of which 10,998 came from Mexico and 38,093 from Spam. 

2 Mining and Metallurgy, December, 1929. 
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with a versatility found in no other element.” In point of tonnage its 
most important use, as indicated in Table 76, is in the manufacture 
of drugs and chemicals, bichloride of mercury or mercurochrome being 

TABLE 76 

Consumption of Mehcuky by Industries 


Per Cent 


Drugs and chemicals 32.2 

Fulminate 18 4 

Vermilion H 9 

Oxide 11 4 

Electrical apparatus 10.3 

Felt manufacture 6.4 

Gold and silver milling 3 9 

Instruments 2.4 

Miscellaneous 3.8 


two of the most commonly used antiseptics. As corrosive sublimate it 
IS a constituent of insecticides and in the form of oxide in special 
paints It prevents the fouling of ships’ bottoms. Mercuric nitrate is 
used in the felt industry and in photography, and the chloride enters 
into the manufacture of dry batteries where it protects the zinc con- 
ainer. The metal concludes its personal service to man as an ingre- 
dient of mordants, aiding in retarding decomposition after death. 

fhp of mercury is in the form of fulminate for 

the detonation of high explosives. Since we are notably deficient in 
mercury ore, every effort has been made in this country to develop 
some other substitute; but up to the close of World War II no wholly 
^tafactcy one haa been found an>ong the unstable orgal eom- 

One of the earliest, and still one of the most important, applications 
of merc.^ .s as vermilion or artiBcial cinnabar. B;caus7rf r 
bright color, vermilion is employed in the coloring of rubber products 

““I"® “etal which alUiounh 
W do not cons^e large amounts of the element, are very impor- 

barometoT“tric‘Zl°' Th ” *"'’7’ thermometers, 

md silver nnllii-cya^idfXn ”V ‘ 
replacing entirely the ancient amalgamationTroc:i: 
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employs this metal in maintaining uniform temperatures in the dis¬ 
tillation of oil, and a new, and yet only potentially great, use is in 
the generation of power. Several large installations, some of them 
over 10,000 kilowatts capacity, have been made in this country, and 
notable economies effected through the use of mercury vapor. There 
is a darker side to the picture. One cannot be too optimistic about 
the future of this application for the normal increase of generating 
capacity in the United States is about 2,000,000 kilowatts per year. 
If the mercury vapor system were used to supply this increase, it alone 
would demand between 11,000,000 and 17,000,000 pounds of mercury 
per year, which is more than the entire world’s annual supply. 

481. Alloys. Unquestionably the most important alloy is the one 
with silver, used by dentists for filling tooth cavities. Other minor 
uses are in increasing the hardness of lead alloys containing alkali 
metals, in type metal alloys in which the mercury is substituted for 
tin, and in special solders which may contain up to 8 per cent of 
mercury. 

482. Ores. Although mercury has been found as a native metal, 
practically all the world’s mercury is derived from one compound- 
cinnabar (mercuric sulfide). It contains 86.2 per cent mercury. 
Curiously enough, the world’s largest production comes from the 
oldest mine—the Almadcn mine in Spain—^which has been worked 
continuously for over 2000 years, and is no doubt the only mine on 
earth that can boast of such a record. The Romans, the Moors, and 
finally the Spaniards were successively the owners. As a matter 
of fact, the very name is Moorish, meaning “the Mine,” which from 
the standpoint of this metal is richly deserved. High-grade masses 
of the ore are seldom found in any locality, the richest being about 
10 per cent. The European average is probably around 5 per cent 
mercury; the American is about 0.4 per cent.^ 

PRODUCTION OF THE METAL 

483. Concentration. Although cinnabar is very brittle and fri¬ 
able, and consequently cannot be treated by water gravity concen¬ 
tration methods, it yields readily to flotation. On that score it would 
appear possible to carry out concentration methods with these rela¬ 
tively low-grade ores and yield a lees bulky product for furnace 
treatment As a matter of fact, this has been tried at several do¬ 
mestic plants, but it can hardly bo said that any plant has succeeded 

1 Tlio avrmgo meremy content of domeetio ores fell from 0,66 per cent (19 
mines producing) in 1910 to 0.39 (87 mines) per cent in 1036. 
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as far as a high-recovery and a low-cost extraction of the metal are 
concerned. The chief reason for this failure is cost because in almost 
all mercury-producing districts in this country ore can be distilled 
more cheaply than it can be ground and concentrated. Any process 
involving milling and concentration, followed by flotation, will not 
make over 80 or 85 per cent extraction with the concentrate still to 
be roasted. On the other hand, an extraction of 95 per cent or better 
can be made by direct furnacing. 

^ 484. Reduction. When cinnabar is heated in contact with iron, 
lime, or oxygen ^ to combine with the sulfur released in its thermal 
decomposition mercury is formed according to the reaction 


HgS -f- O 2 —^ Hg + SO 2 ’ 


to 


which begins at about 250°C and is practically complete at 800°C. 
The first apparatus to be used, and it still is used for certain high- 
grade ores or residues, is the retort. 

A common form is the Johnson-McKay retort, which takes the 
shape of a cast iron pipe 12 inches in diameter by 6 feet in length 
with walls 1 inch thick. The two ends are cast in a bell shape to 
accommodate two cast iron closures, one end being closed off com¬ 
pletely and the other connected by means of a 3-inch steel pipe to a 
condenser. Retorts are usually erected in units of twelve or less 
with a common heating chamber beneath. The ore, in the amount of 
about 200 pounds per retort, is charged with a scoop. The lids are 
uted on with fire clay and the charge heated for 8 to 12 hours. The 
3-inch pipe, cooled with water, usually acts as a condenser; on the 
other hand these fumes may be run to a common condenser. Gener¬ 
ally speaking, retorting is very unsatisfactory because of the small 
tonnage treated, the large amount of fuel consumed per ton of ore 
ihl salivation of the workmen. Modern plants use 

V^edge type reduction furnace. 

485. Scott Furnace. The standard three-tile Scott furnace is 
Sho™ Figure 72, The tiles form a sigsag channel for the passage 
of the ore from the top to the bottom of the ore chamber, whL it Is 

. tr The f ^ 36 inches 

t Th he ^ « i“'»es so thatTre 

up to 3 inches m size may be treated in these furnaces. Solid fuel 

■ In retorting rich ores, lime or iron i. sometimes added to decompose the cinnabar; 

4HgS -I- 4CaO 4Hg + 3CaS CaS 04 
HgS -h Fe -♦ Hg -f- FeS 
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Fig. 72. Scott Furnace. 
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is burned at fireboxes at the end of each furnace unit, the hot gases 
passing up around the tile, thus heating the ore, decomposing the 
cinnabar, and distilling off the mercury. Peepholes are placed in 
the end walls to facilitate observation of the condition of the ore at 
different levels in the furnace. The capacity of such a unit ranges 
from 10 to 60 tons per day, the capacity being governed by the num¬ 
ber, length, and height of the ore chambers, each additional tile 
increasing the length of the chamber by 36 inches. Frequently, 
when the ore is high in moisture, it is treated in a drier, similar in 
design to the furnace, before being charged into another for distilla¬ 
tion. The gases laden with mercury vapor are passed to a condens¬ 
ing system. 

486. Rotary Furnaces.^ That this type of furnace is more popu¬ 
lar than the hearth type is indicated by the fact that in 1944 there 



Kiln 

Feeder 

Exhaust fan 

Residue discharge 

Condensers 

Stack 

Driving mechanism 
Off-take 
Dust chamber 
Cyclone separator 


Co.) 


compared to six 

of th hearth type A rotary furnace with its condeLug e„u^! 
meat rs shown m Rgnre 73. The kilns vary from 2 feet in dia3er 

neero, 1944, Vol. Mtiimg and Metallurgical Engi. 











584 


MERCURY 


by 18 feet in length, with a capacity of about 10 tons per hour, to 
5 feet in diameter by 85 feet in length, with a capacity of 150 tons 
per 24 hours. They are lined with 4% inches of fire brick and are 
operated in a manner similar to drying and nodulizing kilns. Feed¬ 
ing must be carried out with special apparatus to avoid loss of mer¬ 
cury vapor. Both parallel and counterflow furnaces are used, the 
latter being the more common. Various types of seals or expansion 
joints have been used for making a relatively airtight seal where the 
furnace enters the hood. 

Feeding has proved to be difficult because run-of-mine material 
varies from 3-inch particles down to the finest slime. Of the screw, 
pan conveyor, chain conveyor, vibrating and shaking chute type, the 
last has proved the most popular. It consists of a tube 5 to 10 
inches in diameter extending through the upper hood and into the 
furnace. It is set at an inclination and supported on rollers out¬ 
side the furnace. Actuated by a camlike mechanism the move¬ 
ment causes the ore to pass along the pipe and into the furnace. A 
gaslight seal where the pipe enters the furnace prevents leakage of 
gases at this point, and with the pipe full of ore little escapes 
through the pipe. There is little difficulty at the discharge end be¬ 
cause most of the mercury has been removed and the high velocity 
of the gas current prevents loss through diffusion. ^ ^ 

487. Multiple Hearth Furnaces. This type of furnace is similar 
to the furnace employed in the roasting of copper and lead ores. In 
contrast to the rotary type it is limited to feed 1^ inches or smaller. 
Precautions beyond those used in the conventional furnace must 
be taken to prevent loss of vapor. The furnaces are usually fired 
with fuel oil. It is common practice to use one or more of the top 
hearths for drying, the next one or more hearths for roasBng, and 
the last one or more for soaking or cooling before the ore is fina y 


discharged. , , r t ^ 

488. Condensing System. The condensation of the fume from 

the furnaces is carried out in a rather elaborate system of conden¬ 
sation chambers and pipes, made necessary because mercury easily 
"sickens ” When so sickened it docs not readily coalesce, and fur¬ 
thermore very finely divided droplets of mercury, unless every op¬ 
portunity is given for coalescence, are carried out with the flue gases 
into the atmosphere and lost. Even under the best conditions, and 
with such elaborate condensation systems, the loss of mercury may 
l)c considerable. 
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Condensation is much the same no matter what type of reduction 
may be used. The old practice was to use large brick chambers in 
which the quicksilver, mud, and soot settled out, but they were not 
very efficient because of the insulating properties of the brick. Later 
a series of vitrified tile sewer pipes set at a 45-degree angle were 
substituted so that the gases would be cooled during their travel up 
and down their length and the mercury condensed and collected by 
gravity in a common sump. Still later, corrosion-resistant metals 
such as Monel and stainless steel, with their much superior heat 
transfer properties, were used. Clean-out holes and access doors 
with water seals are provided. 

While the systems vary widely in design, certain important fac¬ 
tors should be held in mind—the baffling effect created by sudden 
reversal of the direction of gases and the build-up of soot or mud 
on the condenser walls. If the condenser is too small in diameter, 
this soot not only reduces the thermal efficiency but also creates a 
back pressure on the system. A typical condensing plant for a plant 
treating 60 tons of ore per day consists of 32 pipes 16 inches in diam¬ 
eter by 12 feet long set two pipes high in sixteen stands. They are 
connected at the bottom by metal hoppers and at the top by return 
ells. During normal operation a certain amount of soot ^ (the gen¬ 
eral term used to describe the condenser product ranging from 20 
to 85 per cent mercury together with ore dust, fuel residues, carbon, 
sulfur, and compounds of arsenic, antimony, etc.) is formed and 
collected, through a water seal at the bottom of the pipes, and re¬ 
moved for cleaning. This cleaning usually consists of gravity sepa¬ 
ration of the mercury followed by mixing with lime, hoeing, and 
heating until the bulk of the metal has been released. 

Dust collectors of the cyclone types are usually placed immedi¬ 
ately after the furnace and operated at temperatures of 200° to 
400°C. Exhaust fans for drawing the gases through the furnace 
are in most instances placed after the dust collectors to draw the 

gases through them and then force it through the condensers, set¬ 
tling tanks, and stacks. 


Because of this elaborate condensation system the recovery of mer¬ 
cury m direct furnacing is very high, always above 90 per cent of 
the contained metal, and in certain installations approaching 98 per 
cent. These losses may be classified as water, absorption, mechani¬ 
cal, and condenser losses. 


^ This is also known as ‘^stupp.” 
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Relatively large amounts of water are used within the condensing 
system for cooling purposes and may carry mercury away, either in 
the form of minute metallic particles commonly called “floured” 
mercury or as salts in solution. The latter are probabl}^ present as a 
sulfate resulting from the action of sulfuric acid on the mercury. 
Absorption losses are due to penetration of the condenser material 
by the mercury as well as penetration of the fire brick of the furnace 
itself. It is commonly believed that these refractory materials ab¬ 
sorb large amounts of mercury. The belief is supported by the fact 
tliat considerable mercury has been recovered by distillation of the 
fire brick lining when old plants have been torn down, hlechanical 
losses may take place through leaks in the condensing system and 
arc incidental also to the clean-up operation. Because of the high 
price of mercury in recent years, these losses have been considered 
of so much importance that concrete floors arc being built under 
the entire recovery system in order to reduce the loss as much as 
possible. Finally, losses may take place in the condensing system 
through tlie use of insuflicient water or the escape of vapors at too 
high a temperature or too great a velocity. If proper precautions 
arc taken, it is believed that over 99 per cent of the mercury fume 
entering the condensing chamber can be recovered. 
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MOLYBDENUM 

489. History. The word molybdenum is derived from an ancieni 
Greek word, Molybdos, which was used not only in connection with 
lead but also for various things associated with lead, including lead 
ores and even graphite. Incidentally, the word is used in modern 
Greek for a lead pencil. This confusion of terms was probably 
brought about by the fact that the common molybdenum mineral 
molybdenite (MoS.) is a soft, flaky, black substance resembling 
graphite or lead. Scheele showed in 1778 that this mineral was a 
combination of some new metallic substance with sulfur, and Hielm 
prepared the element for the first time in 1782. Although many 

fhl^ib * molybdenum, it is thought 

S knnwl largely accidental. Lack 

of knowledge regarding its effect on steel and non-ferrous alloys 

as well as dependence on small and erratic deposits, held back the 

wider use of molybdenum until comparatively recent times. 

490. Economics and Statistics. Prior to World War I practicallv 

Tm ^ molybdenum came from Queensland, New South 

d!n m “ fliTt a- r '' - 

aenum sulhde at Climax, Colorado, was develoned and P 

the largest producer of the metal in the world As a matter of f^T 

Thr”’ 

de:um7:p““x^^^ 

mine in Norway Prndnetmn o+o+* +• . Knaben 

•D statistics are given in Table 77 

defum was avaTabb f‘““‘' by-product molyb- 

and Miami. With therbrr:^”;*: n ttg™’ “i™’ 

:r::st":h tt r^rs “ "e“:thrrt 

pounds in 1943. Price increasr stm f°“l 80,000,000 
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TABLE 77 


World’s Molybdenum Production by Countries * 
(Metric Tons) 



! 

1918 

1929 i 

1 

1932 

1939 

1943 

Chile 

Mexico 

Norway 

United States 

7 

34 

178 

1 

t 

107 

1,830 

6 

159 

1,120 

30 

523 

433 

13,755 

680 

1,138 

t 

27,854 

Total 

(World’s) 

t 

1,960 

1,290 

15,100 

30,000 


Minerals Yearbook. 
t Not available. 


plentiful. Postwar prospects are excellent because even in 1940 the 
United States supplied 93 per cent of the world’s output. This 
amount was raised to 98 per cent during the war, and it is doubtful 
if foreign sources can be rehabilitated until some time after the close 
of hostilities (up to January, 1947, foreign production was small). 

The Tariff Act of 1930 levied a duty of 35 cents per pound of con¬ 
tained molybdenum on ores and concentrates; of 50 cents per pound 
of contained molybdenum plus 15 per cent ad valorem on ferromolyb- 
denum, metallic molybdenum, and calcium molybdate; and of 50 per 
cent ad valorem on ingots, shot, bars, or scrap. These have not been 
changed since. 

491. Properties of the Metal. 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 

Coefficient of expansion (linear) 
Specific resistance 
Thermal conductivity 
Hardness (Mohs' scale) 

Specific heat 


95.95 
10.2 
2620“C 
3700"C 

5.49 X 10-® 

4.77 microhms 

0.350 cal/sq cm/cm/°C/sec 

5.5 

0.0647 cal/gram/“C 


492. Marketing and Prices. Although the uses of molybdenum 
as a pure metal and in various compounds in the chemical industry 
are expanding, the largest tonnage appears on the market as ferro- 
molybdenum, containing 50 to 60 per cent of molybdenum. The 
price range in recent years is shown in Table 78. 
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TABLE 78 


Prices of Febromolybdenum 
(Per Pound of Contained Mo) 


1918 

Dollars 

5.00 

1939 

Dollars 

0.95 

1921 

2.50 

1944 

0.95 * 

1929 

1.20 


1932 

0.95 



Highest—$5.00, January, 1918. 
Lowest—$0.95, August, 1940. 

* Established by the Office of Price 

Administration. 



493. Uses. Pure metallic molybdenum is more easily formed than 
pure tungsten, and, possessing good tensile properties and a high 
melting point, it finds many applications. Probably the most exten- 
sive IS for filament support, hooks, etc., in incandescent lamps, and 
adio tubes, although m the last application it is used also as a grid 

ele™t f 1 extensively as a heating 

P ere these furnaces operate successfully up to 2000°C. Molvb- 

enum is also employed in the construction of X-ray tubes and in 
electrical contact points. 

tufeTstef i!! in the manufac- 

ture of stel, in which, in small quantities, it goes into solution in the 

eritic«T/“®“ quantities it forms single and double carbides. The 
critical temperature, at which the eutectoid transformation occurs 

MnWbT'*’ ““I heat-treating range considerably widened’ 

Molybdenum steels also have a finer grain structure 1^100* 

SrfSr'th” ““king stills and high! 

and intergranular weakness dulg the lril? 

raises the strength at^levatedVm"”!”''' 
vestigators have been searchinD- fnr u 

apeed st^ls, and recently one cental; Tto ^rprcenVmXt 
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denum has been found having practically the same properties as the 
18 per cent tungsten one. 

Ferroraolybdenum introduced into cast iron refines and strengthens 
the matrix, tends to break up the large graphite plates into small, 
curly particles, and increases the hardness and wear resistance no¬ 
ticeably. Many investigators claim that molybdenum tends to give 
more uniform physical properties in a casting without regard to the 
section and also improves the impact properties as well as the 
machinability. 

Sodium molybdate is commonly employed in the ink and dye lake 
industry, imparting to the fabrics the property of light and water 
fastness. Lead molybdate has been used in recent years in opacify¬ 
ing glass enamels for it has been found that the enamels so produced 
have a greater covering power than those made with tin oxides as 
well as lower fusion point, thereby making application easier. 

494. Alloys. Few uses have been found for molybdenum as an 
alloying agent in non-ferrous alloys. On the whole it can be said 
that the use of molybdenum in the steel industry has expanded very 
rapidly since the discovery of the Climax, Colorado, deposit because 
this has insured a stable supply of the metal at a reasonable price. 

495. Ores. The chief commercial minerals of molybdenum are: 

Molybdenite—M 0 S 2 60.0 per cent molybdenum 

Wulfcnite—PbMo 04 26.9 per cent molybdenum 

Molybditc—FC 2 O 3 • SMoOs ■ 7 H 2 O 43.2 per cent molybdenum 

of which molybdenite is the most common mineral. The most im¬ 
portant deposit in this country is located at Climax, where the ore 
averages about 0.6 per cent of molybdenite. The amount of ore 
developed is enormous, with the result that this country will be 
independent of the rest of the world for supplies of this valuable 
alloying agent for many years.^ 


PRODUCTION OF MOLYBDENUM, ALLOYS, AND COMPOUNDS 

496. Roasting. Molybdenite concentrates^ from the mines and 
concentrator (capacity, 20,000 tons per day) of the Climax Molyb- 

1 Considerable quantities of molybdenite are being recovered as a by-product 
in the concentration of low-grade sulfide copper ores, 
a Per Cent Ter Cent 


Total Mo 

60.00 

8 

37.80 

Pb 

0.04 

Cu 

0.16 

Zn 

0.06 


Fe 0.38 

Si02 4.66 

AljOs 0.28 

CaO 0.00 

MgO 0.08 
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denum Company at Climax, Colorado, are roasted in multiple hearth 
furnaces of the Wedge type. They are 18 feet in diameter with 
sixteen hearths and will handle about 15 pounds per square foot 
of hearth area per day. Roasting conditions must be very carefully 
controlled because molybdic oxide begins to sublime at about 590°C, 
is quite volatile at 700°C, and melts at 795°C. Under present prac¬ 
tice each hearth of the roaster, except the lower two, is equipped 
with gas burners for preheating (the upper hearth burners may be 
extinguished as the concentrates ignite) and hearth temperatures 
are controlled by drawing a large excess of air across the hearths. 
The character of the feed and the large volume of air result in a 
heavy production of flue dust, averaging around 18 per cent of the 
charge. This dust will contain about 95 per cent sulfide and 5 per 
cent oxide, indicating that sublimation is negligible if temperatures 
are kept below the critical level. The roasted concentrates as dis¬ 
charged from the furnace are screened, crushed, analyzed, and stored 
for processing into commercial products. Gas was used as a source 
of sulfuric acid, but it proved difficult to maintain an SO 2 content of 
4 to 6 per cent without sacrificing capacity and recovery. 

497. Technical Oxide. Some of the roasted concentrates may be 
sold as produced either in barrels, drums, cans, or briquettes. Such 
oxide will contain 56 to 62 per cent molybdenum, 0.02 to 0.25 per 
cent sulfur; 5 to 11 per cent insoluble; 0.50 to 1.0 per cent iron; and 
0.15 to 0.75 per cent copper. Since 1942,^ as shown in the tabulation 
below, an increasing amount of molybdenum is marketed in the 
form of briquettes, each 4 to 4.5 inches long, weighing 4.5 to 5 pounds 
and containing 2.5 pounds of molybdenum. 


Calcium molybdate 
Roasted concentrates 
Briquettes 
Sodium molybdate 
Pme oxide 
F erromolybdenum 
Molybdenum silicide 


3,949,142 pounds 
9,549,065 pounds 
9,386,344 pounds 
25,906 poimds 
143,829 pounds 
12,875,183 pounds 
10,779 poxmds 


498. Calcium Molybdate. Originally this compound was made 

f JrrTr ^ quicklime and heating in a furnace to 

flT T This material contained 40 per 

metaf containing 5 pounds of the 

metal, for ease in alloying. Later the lime was introduced into the 

lower hearths of the roasting furnace. Still later developments dis- 
^ A total of about 36,000,000 pounds as contrasted with 50,000 pounds in 1924. 
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closed the fact that uncalcined pulverized limestone, when thor¬ 
oughly mixed with roasted concentrates, gave a product suitable for 
additions to steel furnace. 

499. Pure Oxide. In the preparation of pure oxide, advantage is 
taken of the fact that M 0 O 3 will volatilize when heated to a tem¬ 
perature of about 590°C. Technical oxide is fed in a thin layer to 
the sand hearth of a doughnut-type furnace. The hearth moves 
under Globar heating elements to give a hearth temperature of 1200 
to 1300°C. Considerable M 0 O 3 is absorbed by the hearth, which 
soon becomes saturated. Air is drawn over the heated hearth and 
sweeps the M 0 O 3 vapors through the ports in the outer perimeter 
of the furnace into a flue, where it is taken to a point of collection. 
The loss in weight of the charge is about 60 per cent, the tails being 
returned for reprocessing. This oxide contains 99.975 per cent 
M 0 O 3 , but is so exceedingly fine and light that it must be densified 
for market. 

600. Ferro Alloys. These are produced by the thermite process. A 
typical charge for ferromolybdcnum consists of 1300 pounds of 
molybdenum in the form of oxide, 116 pounds of aluminum, 1122 
pounds of 50 per cent ferrosilicon, 618 pounds of iron ore, 160 
pounds of lime, and 50 pounds of fluorspar. After being mixed, the 
material is placed in a bottomless, brick-lined steel shell, pieviously 
set over a shallow pit scooped in wet sand. A dust hood is placed 
over the pot and the mixture is ignited with a mixture of aluminum 
and sodium peroxide. When smelting is complete (15 to 20 minutes), 
the slag is tapped by lifting the pot, the bottom of the drain being 
just al)ovc the metal line so that a layer of covering slag remains on 
the liquid metal to prevent oxidation. After 4 to 6 hours the metal 
has solidified, is separated from the slag, and is crushed and screened 
for market. Another product commonly made is molybdenum 

silicidc. 

601. Metallic Molybdenum. Metallic molybdenum may be pre¬ 
pared* by reducing molybdic oxide (obtained by roasting molyb¬ 
denite concentrates to drive off sulfur) with aluminum powder or 
by heating the oxide, or one of the chlorides, in a current of hydro¬ 
gen. It has also been prepared by heating a mixture of oxide with 

charcoal in an electric furnace. 
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502. History. Reference has already been made to the important 
part played by metallic meteors in the early search for metals. It is 
not at all unlikely that the first metallic objects used by man were 
these iron-nickel alloys. When, in their search for flints or copper 
suitable for weapons, our prehistoric ancestors came upon these leavy 
stonelike fragments they found in them metallic material which as 
we now know, consists of an alloy containing 5 to 15 per cent of 
nickel. Although man used nickel, the metal itself was not known 
until 1751, when it was first isolated and reco^ized as an element 
by Cronstedt. Long before the Christian Era the Chinese had been 
smelting and reducing the nickel ores of Yunnan Province, obtain ng 
what they called “white copper” and using it for household utensils 
rmplements, and even money. It was not until over one hundred 
years later that the new tools of metallurgical research brought to 
Lht new and very valuable alloys. Finally the discovery of large 

IS rich deposits of copper-nickel ore in Sudbury Ontarro rmtiated 

the expaneiS that is still going on. A span of httle 

years has seen nickel transformed from a httlc-known and httle 

used metal into one of the most important non-ferrous ones. 

. j C 4 ''i 4 'ic 4 -irQ There are only two nickel de 

503. Economics and Statistics, mere aic on^ 

nosits in the world ^ of any importance, one on the islmd 

Caledonia (a French possession) in the southern Pacific an i 
i^aicaoniu Ontnrio Previous to the discovery of the 

Canada has led the world, as mdieated in 7®’„,/702) is 

tion of niekel. The reeovery of seeondary nickel (see Article 7U2) 

also a factor. 

1886. 
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TABLE 79 


World’s Nickel Production by Countries * 
(Metric Tons) 



1918 

1921 

1929 

1932 

1938 

1943 

Canada 

45,886 

9,628 

50,021 

13,757 

95,514 

130,527 

New Caledonia 

1,500 

2,500 

4,393 

2,962 

7,567 

5,408 

Norway 

t 

X 

567 

891 

1,055 

X 

Russia 

X 

X 

X 

X 

3,000 

X 

United States f 

X 

X 

311 

177 

377 

582 

Total 

(World’s) 

X 

X 

56,980 

19,990 

110,500 

X 


{Reprinted hy permission of McGraw-Hill Book Co.) 

* The Mineral Industry, McGraw-Hill Book Co. 

t Obtained as a by-product in refining of copper. 

{Not available. 

Since this country produces practically no nickel from domestic 
ores, and nickel was widely used in military appliances, it became 
necessary to establish control over both the price and allocation of 
this metal early in World War II. Several factors will determine 
its postwar position. The capacity of the Canadian plant was 
greatly increased and the Russians will undoubtedly exploit their 
deposit at Petsamo, Finland. On the other hand, the development 
of the “National Emergency” steels reduced greatly the needs of 
the steel industry. Nickel came out of World War I in a most un¬ 
favorable position because it was primarily a munitions metal. In 
the meantime it has found such wide industrial use that producers 
can be assured of a well-established peacetime demand. 

The Tariff Act of 1930 provided for a duty of 3 cents per pound on 
nickel and its alloys, of 25 per cent ad valorem on bars, rods, sheet, 
wire, etc., and placed nickel ores and oxide on the free list. In 
January, 1939, the duty on nickel and its alloys was reduced to 2.5 
cents per pound by a trade agreement with Canada. 

604. Properties of the Metal. 


Atomic weight 58.69 

Specific gravity 8 .9 

Melting point 1455°C 

Boiling point 3377°C 

CoeflScient of expansion (linear) 13.7 X 10~® 
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Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 
Heat of fusion 
Specific heat 


6.9 microhms 

0.14 cal/sq cm/cm/°C/sec 

3.5 

73.8 cal/gram 
0.112 cal/gram/°C 


505. Marketing, Prices, and Stocks, Nickel is marketed in vari¬ 
ous forms, depending upon the use for which it is intended. These 
forms are: (1) grains, cubes, rondelles wdiich are reduced from the 
oxide at low temperature without fusing; (2) nickel pellets pro¬ 
duced by the decomposition of nickel carbonyl; (3) electrolytic 
cathode sheets cut to various sizes; (4) blocks of nickel obtained by 
remelting electrolytic nickel; (5) malleable nickel produced by pour¬ 
ing the metal into molds after deoxidation; (6) nickel salts; and (7) 
nickel oxide. The price range of the metal is indicated in Table 80. 


TABLE 80 
Prices of Nickel 



Cents per 


Cents per 


Pound 


Pound 

1910 

42 

1932 

35 

1918 

47 

1939 

35 

1921 

43 

1944 

35 * 

1929 

35 

.... 



Highest—55 cents per pound (July, 1917). 
Lowest—28 cents per pound (June, 1924). 

* Established by the War Price Administration. 


506. Uses. Some metals, like copper with its high electrical con¬ 
ductivity, and magnesium with its very low density, have certain 
marked and outstanding chemical or physical characteristics deter¬ 
mining, to a large extent, their industrial value and usefulness. 
There are many other metals, antimony and bismuth, for example, 
not utilizable in pure form but forming useful combinations with 
other metals. Nickel appears to occupy an intermediate position 
because the properties of the pure metal are sufficiently attractive 
that 27 per cent of the production of the metal appears in this foim. 
On the other hand, it is particularly useful in combination with 
other metals in the form of alloys containing as little as 0.5 to as 
much as 80 per cent nickel. The distribution of the nickel con¬ 
sumption in this country is shown in Table 81. 
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TABLE 81 

Nickel Consumption in the United States 
(1938) * 



Long Tons 

Per Cent 
of Total 

Steels 

13,800 

60 

Cast iron 

690 

3 

Ni-Fe alloys 

23 

1 

Nickel silver and Ni-Cu alloys 

3,220 

14 

Nickel brass, bronze, and aluminum aUoys 

460 

2 

Heat and electrical-resistant alloys 

690 

3 

Monel, malleable nickel, nickel-clad. Inconel 

207 

9 

Electrodeposition 

1,380 

6 

Non-metalUc materials 

230 

1 

Unclassified 

230 

1 

Total 

23,000 



* Wartime statistics are not available. 

•The most important application of nickel (about 60 per cent of the 
world’s nickel is so used) is in steel, either alone, or in combination 
with other alloying elements such as chromium, vanadium, and 
molybdenum. These alloys combine moderate cost with greatly im¬ 
proved physical properties, a satisfactory response to fabrication, 
and a much greater resistance to corrosion (both atmospheric and 
by other agencies). Such steels find wide acceptance in railroad 
rolling stock, automobiles, oil field equipment, aviation, and the min¬ 
ing industry. 

The second large group, about 10 per cent of the total consump¬ 
tion, appears in the form of nickel silver and the nickel-copper alloys. 
These, as Monel metal and its various modifications, are widely used 
in shipbuilding, mining, the chemical industry, paper and pulp, elec¬ 
trical, and the food-processing industry or wherever corrosion-resist¬ 
ing alloys with unusual physical properties are needed. Competing 
with it, and representing about 10 per cent of the consumption of 
nickel, are malleable nickel and the nickel-clad alloys. 

Electroplating was one of the earliest uses of nickel and today 
represents about 8 per cent of the total consumption. The automo¬ 
tive industry is still the largest consumer of nickel for electroplating 
purposes, although many other industries use it alone or as an under¬ 
lying coat for the more brilliant chromium. 
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Nickel is a constituent of cast iron, electrical-resistant and heat- 
resistant alloys, special brasses and bronzes, and it finds application 
as a catalyst (in the oxide form) in the preparation of many syn¬ 
thetic chemical compounds, and in the Edison storage cell. 

507. Alloys. Intensive research ^ on the part of the International 
Nickel Company and the fact that nickel combines readily with a 
number of other elements have led to the development of a large 
number of alloys, the more important of which are shown in Table 

82. 

TABLE 82 

Compositions of Nickel Alloys 


Per Cent 



Fe 

Ni 

Cr 

Co 

A1 

Cu 

Zn 

Stain lc.ss steel 

Cr-Ni steel 

Ni steel 

Permalloy 

Magnet alloy 

Monel 

Nickel silver 

Electrical-resistant alloys 
Nichromo 

Heat-resistant alloy 

74 

remainder 

20 

63 

5 

remainder 

8 

1 to 4 

2 to 5 

80 

20 

67 

7 

remainder 

80 

12 

18 

0.5 to 1.5 

7 to 22 
20 

24 

5 

12 

28 

65 

28 


508. Ores. Nickel is found in nature in only two forms, as a sili¬ 
cate and as a sulfide associated with sulfides of iron and copper. 
The largest deposit of the silicate is found in New Caledonia, a 
French possession in the Southern Pacific, where the deposit has 
been worked since 1875. As a matter of fact, up to the discovery of 
the Sudbury deposits in 1886, it was the only source of the world s 
nickel The New Caledonian ores consist principally of noum i e 
or garnierite, a complex hydrated nickel-magnesium silicate to 
which the formula (NiMg) Si 04 -HaO (10 to 35 per cent nickel) 
has been assigned. Whereas in the early days the ores contained 

1 Before World War I the manufacture of war materials consumed 
the world’s nickel. As a result of this research, peacetime uses far outweigh the 

martial ones. 
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10 to 12 per cent nickel, at the present time the following analysis 
is more nearly representative of this material: Ni, 5 to 6 per cent; 
SiOa, 48 per cent; Fe, 14 per cent; MgO, 15 per cent; combined 
water, 10. 

By far the most important ores of nickel today are the sulfides of 
the Sudbury district, Ontario, Canada. The ore consists of nickel- 
copper sulfides and massive, magnetic, iron pyrite or pyrrhotite ^ 
mixed with more or less rocky gangue. The copper content varies 
from as little as 1 to as much as 4 per cent, and the nickel content, 
from 2 to 5 per cent, depending upon the locality of the mine. All 
the ores, in addition to copper and nickel values, contain notable 
amounts of gold, silver, and metals of the platinum group. As a 
matter of fact, in recent years the Canadian deposits have been 
developed to such an extent that Canada now is the chief producer 
of the world’s platinum, with Russia a close second. Most of the 
ores must be concentrated before they are smelted. 


REDUCTION OF SILICATE ORES 


509. General. At first glance the recovery of nickel from the sili¬ 
cate ores, which contain no copper, sulfur, or other elements, would 
appear to be a simple matter because one should be able to smelt 
the ore with flux and coke to crude nickel. Nickel so reduced, how¬ 
ever, contained only about 65 per cent of the metal, and this alloy 
was difficult to purify. The method now used involves the production 
of a matte by adding some sulfur-bearing material (gypsum, calcium 
sulfate, pyrite, or alkali waste) along with fluxes for the siliceous 
gangue. The matte thus produced contains between 30 and 45 per 
cent nickel, and the slag, running only about 0.35 per cent nickel 
can be sent to the dump. The matte is then blown in small con¬ 
verters, yielding a product containing 80 per cent nickel and 20 per 
cent sulfur, with not more than 0.3 per cent iron. This material may 
then be ground in ball mills to about 60 mesh and roasted in multiple 
earth furnaces until it is free of sulfur and consists practically of 
pure nickel oxide. This oxide may then be reduced in electric or 
reverberatory furnaces, with some carbonaceous material, to metallic 


REDUCTION OF SULFIDE ORES 

0“ ^his conti¬ 
nent and that the largest one in the world, the reduction of nickel can 

’Valuable minerals are chalcopyrite; niccolite (Ni, As), 441 per cent 
nickel, and pentlandite (Fe, Ni)S, 40.2 per cent. 
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best be followed by studying the flow sheet (see Figure 74) of the 
process being used at the plants of the International Nickel Com¬ 
pany.^ The concentrator, smelter, the nickel refineries, and copper 
electrolytic refinery are located at Copper Cliff, Ontario, near Sud¬ 
bury, at Port Colborne, Ontario, and Swansea, Wales. In the early 



days a great deal of high-grade lump ore was produced and the smelt¬ 
ing carried out in blast furnaces, but since 1930, for reasons of 
economy as well as the utilization of low-grade ores, a large concen¬ 
trator^ has been erected. The flotation concentrates from this plant 

feed the smelter. 

511. Production of Copper-Nickel Mattes. The crude concen- 
tratcs containing about 1.5 per cent copper, 4.4 per cent nickel, 43 
per cent iron, 26 per cent sulfur, 15 per cent silica, 4.5 per cent a u- 
mina, 2.3 per cent lime, and 2.5 per cent magnesia are roasted m ten- 


1 Sec Canadian Mining Journal, Vol. 68, 1937. 

2'ri.;a r.inr,i WPS cnlareed in 1943 to a capacity of 30,000 tons of ore per day 
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hearth, Nichols-Herreshof! furnaces to about 16 per cent sulfur. The 
hot calcines, stored for a short time in a bin, are charged, along with 
a small amount of raw ore, flue dust, and the proper fluxes into a re¬ 
verberatory furnace 110 feet by 24 feet, fired with pulverized coal. 
These reverberatories smelt about 1000 tons of charge per 24 hours, 
producing a matte containing about 17 per cent copper plus nickel, 
51 per cent iron, and 27 per cent sulfur, which is then sent on to the 
converters for further treatment. The slag produced in this furnace 
contains about 0.45 per cent copper plus nickel, 42.5 per cent iron, 
1.8 per cent sulfur, 32 per cent silica, 6 per cent alumina, 3 per cent 
lime, and 3 per cent magnesium. 

512. Converting. Large converters of the Peirce-Smith, basic- 
lined type, 12 feet in diameter by 30 feet in length, holding a charge 
of approximately 100 tons of matte, are used. The matte is blown 
down, in the conventional manner, with a siliceous flux, until practi¬ 
cally all the iron is removed and the converter is full of high-grade 
matte containing about 75 per cent copper plus nickel, 20 per cent 
sulfur, and 0.3 per cent iron. The matte is cast into slabs, about 3 
mches thick, broken into small pieces, and sent on to the top-and- 
bottom process. 


613 Top-and-Bottom Process. This, the “top-and-bottom proc¬ 
ess, depends upon the fact that in a molten system of nickel sulfide 
copper sulfide, and sodium sulfide, two liquid layers separate out 
when equilibrium is reached. The upper layer carries the bulk of the 
sodium and copper sulfides; the Wer, most of the nickel sulfide. In 
the first treatment the Bessemer matte (48 per cent nickel, 27 per 
cent copper 2 per cent iron, and 22 per cent sulfur) is smelted in 
cupolas with sodium sulfate, coke, the tops resulting from the second 

Sr^oTs oral™ The molten sulfide runs 

I stratification takes place 

about 40 ® 

Ih ato,rq“ “T' bottoms,” 

With about 9 per cent copper and 65 per cent nickel The second 
smelting is performed on the “first bottoms” together with sodium 

™s treatmfnt ytS 

second tops of 15 per cent copper and 12 per cent nickel and 
second bottoms” with about 2 per cent copper aid 72 per cent nicM 

35 fert) 1 bJ basic-lined converters (10 by 

35 feet), where substantially all the sodium sulfide is oxidized to sul 

t:«”v ttr" ”” nickel sulfides are soluble Cons . 

quently, the copper sulfide settles to the bottom of the converter and 
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the sodium sulfate floating off the top may be recovered and returned 
to the process^ This copper sulfide, containing a small amount of 
nickel, is transferred to acid-lined converters because, owing to the 
absence of iron in the copper sulfide and the unavoidable presence of 
some sodium and nickel salts, it is impractical to use basic linings for 
blowing to blister copper. The blister copper from these converters 
is taken to two holding furnaces in order to liquate out a part of the 
nickel as oxide. This rises to the surface, is skimmed off as a dross, 
and sent back to the reverberatory furnaces. The remaining copper 
is cast into anodes and sent to the electrolytic refinery. 

514. Leaching. The second bottoms, containing most of the nickel, 
are sent to w'hat is known as the “wet process.”^ The material is 
ground (see Figure 75) to about 60 mesh and mixed with water in 
filter-bottom, lead-lined, concrete leaching tanks, each holding about 
75 tons of sulfide. Water is percolated through this mass until at the 
end of about forty-eight hours most of the sodium sulfide is washed 
out. Hot dilute sulfuric acid is then added to dissolve the iron selec¬ 
tively, although considerable nickel as well as iron is dissolved; there¬ 
fore, the strong liquors are saved in storage tanks to be dealt with 
later. The material, knowm as “washed sulfide,” contains about 74 
per cent nickel, 0.12 per cent iron, and 1.5 per cent copper. The 
washed sulfide is then sent to calciners, where, after a preliminary 
roast to reduce the sulfur from 27 to 4 per cent, the sulfide is mixed 
with about 15 per cent of coarse salt and given a chloridizing roast. 
This roasting is carefully carried out in a special, mechanically 
rabbled, reverberatory furnace. At the end of 24 hours, with tem¬ 
peratures varying from 600°C at the feed end to 100°C at the dis¬ 
charge, complete chloridization of the copper is effected. 

This material is then charged into leaching tanks similar to those 
already described and washed with weak liquor and hot water to leach 
out the cuprous chloride, although some nickel also goes into solution. 
This leach liquor is passed over copper scrap to cement out such plati¬ 
num metals as may have gone into solution; the remaining solid is 
called “green nickel oxide,” containing about 77 per cent nickel, 0.4 
per cent sulfur, and 0.1 per cent copper. This oxide is mixed with 

^ Some slag is also recovered and returned to the reverberatory furnaces for 
retreatment. 

2 Actually two grades of nickel sulfide are produced. The first, “regular” sul¬ 
fide, averaging 69 to 70 per cent nickel, 27 per cent sulfur, and 0.25 per cent iron, 
is used in the manufacture of nickel oxide for market. The second, “high-copper 
sulfide, is used for the production of anodes. 
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about 20 per cent of soda ash and roasted at 1200°C for the next 
leaching operation, in which it is washed with hot water to remove 
sodium salts (chiefly NaaS). The final product of tlie wet process, 



per ce2Iopper0 25°n1fcC l>er cent nickel, 0.1 

is pecked in^^loCurd SrsTo’“tk^ 

oxide canTerd°X'fn‘„des?‘" “f "'■ ^'"““8'' -'kel 

toms.” The sulfidrl, shf ^ '’''’’''“"d from “second bot- 

sulhde, as shown in Figure 75. is icached ns before de- 
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sulfurized on Dwight-Lloyd sintering machines to 0.4 per cent sulfur, 
and reduced to metal in a reverberatory furnace. Cast anodes of 
this material are then electrolyzed in a manner similar to that de¬ 
scribed in the chapter on copper, Chapter 12. Starting sheets of pure 
nickel are made in separate tanks by the electrodeposition of the 
metal on aluminum starting blanks. The anodes weigh about 425 
pounds, the starting sheets about 11 pounds each. The composition 
of the anodes is approximately 95 per cent nickel, 2 per cent copper, 
0.75 per cent iron, and 0.75 per cent sulfur. 

In electrolysis a diaphragm must be used to prevent mixing of the 
two solutions. Each cathode is placed in a “box” or chamber con¬ 
sisting of a wmoden frame with heavy duck canvas for the sides 
parallel to the faces of the cathode. Along the outer side of each 
tank is a hard rubber solution header connected at its center to the 
pure solution main and carrying thirty hard rubber nipples, each of 
which carries pure electrolyte to the cathode boxes. This pure elec¬ 
trolyte contains about 40 grams of nickel (as sulfate), 20 grams of 
boric acid, less than 0.005 gram per liter of copper and iron, and is 
maintained at a pH of about 5. 

During electrolysis impure electrolyte is taken from the anode com¬ 
partment, heated to 80°C, and then passed through a series of ce¬ 
mentation tanks for the removal of copper. The cementation mate¬ 
rial is finely divided nickel obtained by reduction of the green oxide 
with charcoal. The purified solution goes to Dorr thickeners, where 
the underflow is pumped back to the first cementation tank while the 
overflow is freed from iron by precipitation as hydroxide. Nickel 
carbonate is added at this point to neutralize the acid set free. After 
leaving the precipitating tank, the solution is filtered, and the clean 
filtrate sent back to the cathode chambers, thus completing the 
circuit. The separation between the two electrolytes depends upon 
the fact that electrolyte flows from the cathode chambers through the 
diaphragms into the anode chambers at a rate greater than the 
velocity of the ions so that impurities dissolved from the anodes do 
not reach the cathodes. Nickel ions formed as a result of the solu¬ 
tion of the anode must travel from the anode compartment through 
the heater, the cementation and iron removal process, and back to 
the cathode compartment before they are discharged on the cathode. 
Electrolysis is carried on at a current efficiency of 94 per cent with a 
potential drop between electrodes of 2.4 volts and a current density 
of 12 amperes per square foot. 
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The nickel cathodes are sheared into various sizes for shipment or 
may be melted and marketed as ingots or shot. The anode slimes 
fall to the bottom of the cell, from which they are removed periodi¬ 
cally, and washed and filtered as in the treatment of the copper slimes. 
These slimes, however, are not conventional products in that they 
contain large amounts of platinum, besides the gold and silver, as 
well as notable amounts of selenium and tellurium. The recovery of 
these constituents is treated in the chapters devoted to the respective 
metals. 

The blister copper obtained from the treatment of the “tops” is re¬ 
fined m another electrolyte refinery similar to the multiple plant de¬ 
scribed in Chapter 12, except that special treatment is necessary to 
recover selenium, tellurium, and the platinum group metals in addi¬ 
tion to gold and silver. 


THii; MONO PROCESS 

'‘ 516. General. This process, depending upon the fact that, when 
nickel IS exposed to carbon monoxide gas, a carbonyl is formed, which 
can later be decomposed into metallic nickel and carbon monoxide 
IS shown in Figure 76. The raw material is Bessemer matte contain- 

P®"" cent sulfur 

This IS shipped to the refinery in Wales, where it is ground to pass a 
60-mesh screen and roasted at 650°C for leaching with sulfuric acid 
by means of which a large part of the copper is removed 07 ^ 01 ^’ 

ni M”anTr‘“" " 

Ihe nickel oxide residue, containing only small amounts of coDoer 
s treated with water gas at 350 to 400°C until most of the nickel 
la reduced to the metallic state. It is then cooled, passed on to vda' 

Ni + 4CO NifCO), 

tilizers, where at a temperature of about OO'C it is exnnsed tn * 1 , 
tion of carbon monoxide gas. The gaseous n ckT u , ^ 
fomed is conducted to a vertical cylinder called *^ 00 ”^ " 

m ed with p,, telprai:!*'^^ 

n-etairikd sw 

monoxide gas being returned to the LLm CloTe 

out the larger pellets and returning Ihe" ZZ otst t 
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This nickel contains as impurities not more -than 0.06 per cent iron 
and 0.09 per cent copper—a considerably purer metal than can be 
produced by the electrolytic process. 


Washed sulfide 
from Sudbury 



Calciners 


Leaching 

tanks 

Filter press 


Reducer 


Volstlllzer 


Decomposer 


Catclner 


Reducer 


Fia. 76. The Mond Process. 


The residue from the volatilizers is calcined and reduced, produc¬ 
ing “metallics" (“precious metals”) and a carbonyl which is sent 
back to the reducers. This calcine is also used as a raw material for 
the manufacture of nickel sulfate. 

NICARO NICKEL COMPANY 

617. General. Although the United States does not possess any 
commercially valuable deposits of nickel, one of our neighbors does 
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have a considerable reserve in the lateritic iron ores of Cuba. Pre¬ 
war investigation of these deposits was not very encouraging be¬ 
cause of the low grade of the ores and the difficulty of competing 
with the rich ores of Canada. Later it was discovered that, although 
the^ average nickel content was only approximately 0.6 per cent, in 
limited areas ore of sufficiently high grade to be considered com¬ 
mercial did exist. By 1937 about 40 million tons of such material 
had been developed. By 1940 the Nicaro Nickel Company, a sub¬ 
sidiary of the Preeport Sulfur Company, had taken over and com¬ 
pleted an investigation of the deposits, and on their recommendations 
the Defense Plant Corporation undertook the financing and construc¬ 
tion of an ammonia leaching plant as a defense measure. The first 
production of nickel oxide was made in December, 1943. 

Preparation. A flow sheet of the plant as’ operated in 
1944, with a capacity of 5000 tons of natural ore per day, is shown 
m Figure 77. The ore is crushed in rolls to 4 inches and then treated 
in rotary driers to reduce the moisture from 28 to 2.5 per cent. In 
the grinding plant hammer mills reduce the ore to five-eighth inch 
and Hardinge mills, in closed circuit with air separators, yield a 
product averaging 90 per cent through 100 mesh. The ground ore 

PJant or to one 

01 eight 1000-ton storage silos for storage and blending. 

under reducing conditions, in twelve 
Nichols-Herreshoff furnaces. 70 feet high and 22.5 feet in diameter 
with sixteen hearths. An innovation is the use of steam rather than 

fun,! u T u '■"‘''"=“8 conditions. Each 

urnace can handle about 300 tons per day at 1.5 rpm. Producer gas 

manufactoed from anthracite coal is fed to the hearths in volumes 

ufficient to maintain the desired reducing conditions. The tempera- 

ture IS padually increased as it is rabbled through the furnace and 

finally discharged in Wary coolers 60 feet long by 9 feeUn dlre- 

™uW 7 ’ ™ “urrete tanks 

quipped with turbine agitators, where It is mixed with ammonia 
liquor and pumped to the leaching system ammonia 

lin^f^Mbtf« '-"iud out in three 
cu“ ent y^^l^^^^^^^^^^^^ three stages operated counter! 

bra Dor'r t^l o Mock of turbo-aerators followed 

soWnr he W “‘educed to aid in !£ 

Exhaust air eoe^^t and precipitate the dissolved iron 

goes to absorption towers, where it is scrubbed with water 




Fig. 77. The Nicaro Nickel Proce.ss. (Courtesy of NirMro Nickel Co.) 
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to recover the ammonia with which it is saturated. Liquor over¬ 
flowing from the first-stage thickener is sent to the ammonia and 
nickel recovery plant as pregnant liquor. 

_ Washing is accomplished with Dorr thickeners in two four-stage 
lines, each operating concurrently. Fresh leach ammonia liquor from 
the ammonia and nickel recovery plant, together with water from 
the air scrubbing towers, is added to the last stage of each washing 
line. Overflow from the first stage of this system goes to the third 
stage of the leaching plant. Washing removes nickel adsorbed on 
the ore and reduces the concentration of nickel in the liquor of tail¬ 
ings. ^ Tailing from the washing plant is pumped to the ammonia 
and nickel recovery plant for recovery of the ammonia before pump¬ 
ing to waste. 

620 . Precipitation. At the ammonia and nickel recovery plant 
the pregnant soluton is aerated in turbomixers and filtered to remove 
the last traces of iron and suspended ore. It is then pumped to stills 
where it is distilled with steam to remove ammonia and precipitate 
the nickel as basic nickel carbonate. The overhead from the stills 
containing a^oma and water vapor, is cooled and then fed to a 
batteiy of adsorption towers where the ammonia is redissoltd to 
form fresh leach liquor. Underflow from the stills, containing the 
nickel carbonate in suspension, is thickened and then filtered on 
vacuum filters. The filter cake is treated in calcining kih 1 T 2 ferf 
long and 10 feet in diameter, for conversion to nickel oxide Th 
oxide IS cooled and bagged for shipment to the United States. 
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CHAPTER 20 


PLATINUM 

521. History. There have been many attempts to prove that plati¬ 
num was known to the ancients, but, since no traces of the metal have 

times Umult I ® “'«nt 

TOS nrobriv w a u “ “'™- The metal 

Wallaceston discovered palladium and rhodium in 1804 and in thp 
same year Tennant proved the existenre in nl.i ^ 

new metals, to which he gave the names osmium a^nTir^iXm^^ Rih'° 
a sixth metal of the group, was discovered by 

he largest producer of platinum tor a number of year7and ^17 

eto 0 cor urrruir”^^^ ?‘™'' 

shown in Tab e 83 Tt ^ata are 

World r?! Russil wl"7 before 

among the countries of the world ’’Xing 111^““*"^ b°^ 

shortly after, the disorganization of Rip ^nd 

den of production being plabXon 

to the appearance of nln+i * nibia. Since 1935, thanks 

niokel ores now being treate7bvtrrr'‘‘'r “w 

Canada ^ is the chief nrodunp +i, Nickel Company, 

of South Africa is increasing rapiX'^Tn’t^''"^^ 
producer is Alaska, then California and Oregom 
or a time after the outbreak of World War TT +h 

rr::: 

by.« ,ro6.zr/f::t s z::;^ ‘:7;i7 
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TABLE S3 


^\'oRLD’s Platinum Production by Countries 
(In Troy Ounces) 



1910 

1018 

1921 

1929 

1932 

1939 

1944 

Canada 

t 

t 

650 

12,519 

27,343 

148,902 

155,700 

Colombia 

10,000 

t 

14,053 

45,576 

40,477 

39,070 

36,136 

Russia 

176,120 

t 

6,288 

93,800 

93,750 

190.000 

150,000 

South Africa 

t 

t 

t 

25,400 

5,810 

47,080 

37,847 

United States 



i 





Crude 

1,025 

54,399 

51,791 

5,620 

1,074 

35,060 

33,625 

By-product 

— 

— 

—■ 

— 

1,694 

5,270 

3,286 

Total 

t 

t 

t 

192,000 

176,198 

460,000 

t 

(World’s) 






(1938) 



(Reprinted by permission of McGraw-Hill Book Co.) 
* The Mineral Industry, McGraw-Hill Book Co.) 
t Not available. 


requested by the Government and finally, as war demands increased, 
the price was fixed and supplies allocated by the War Production 
Board in December, 1941. With the expansion of the nickel industry 
in Canada and the opening up of Alaskan properties, production 
gained phenomenally. Gradually controls were relaxed, although 
they continued in some form through 1945. There seems to be no 
threat of a postwar shortage. 

The Tariff Act of 1930 placed platinum metal and alloys, ores, 
ingots, bars, and sheets on the free list but levied a duty of 25 per 
cent ad valorem on chemical compounds. Later changes have not 
affected those commodities. 

523. Properties of the Metal. The properties of platinum and 
other metals of this group are given in Table 84. 

524. Marketing and Prices. Platinum may be obtained in almost 
any form desired by the consumer from small ingots,^ containers, 
wire, or other manufactured forms down to the finely divided plati¬ 
num’ black used as a catalytic agent in the manufacture of sulfuric 
acid .and certain org.anic compounds. 


1 Rcfinod i-lal,ilium in 3-ounce bans was made available in 1936 for speculative 
and iu\'('slincni buyers. 
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TABLE 84 

Phoperties of the Metals of the Platinum Group * 



Platinum 

Iridium 

Osmium 

Palladium 

Rhodium 

Ruthenium 

Atomic weight 

195.23 

193.1 

■1 


102.91 

101.7 

Specific gravity 

21.40 

22.42 


12.16 

12.41 

12.20 

Melting pomt, °C 

1773.5 

2454 

Higher than 
ruthemum 

1553 

1966 

Higher than iridium 

Boiling point 

4300 

4800 

5300 


2500 

i 2700°C 

Coefficient of expansion, 40°C 

8.99 

_ 

6.6 

- 

8.5 

9.6 X 10®/C 

Specific resistance, 0°C 

9.97 

5.33 

9.5 


4.3 

14.47 microhms 

Thermal conductivity, 18°C 

0.166 

0.141 

1 _ 

0.168 

0.210 

cal/cm/sq cm/°C/8ec 

Hardness (Mohs’ scale) 

4.3 

6.5 

7.0 

4.8 

_ 

6.5 

Heat of fusion t 

26.5 

15 

22.6 

27.2 

12.8 


Specific heat, 0 to 100°C 

0.0319 

0.032 

0.031 

0.0590 

0.058 

0.061 cal/gram 


* “Metals of the Platinum Group,” Intlitute of Metals, Paper 734, 1936. 

t “The Platinum Metals and Alloys,” American Institute of Mining Engineers, Technical Paper 701, 1928. 


The price of platinum, as shown in Table 85, has fluctuated greatly 
up to 1930. Up to the outbreak of hostilities in 1939, there had been, 
for a number of years, a steady decline in the price of the metal' 
caused, no doubt, by a marked increase in its production in both 

TABLE 85 


Prices of Platinum Group Metals 
(In New York) 



Dollars per Troy Ounce 


Platinum 

Palladium 

Iridium 

Osmium 

Rhodium 

Ruthenium 

1910 

1918 

1921 

1929 

1932 

1939 

1944 

32.70 
105.95 
75.03 
67.66 
36.455 
36.748 
35.00 t 

* 

153 

55 

39 

21 

24 

24 t 

* 

114 

205 

229 

55 

100 

165 t 

* 

59 

82 

55 

80 

50 

50 t 

♦ 

* 

87 

53 

55 

123 

125 t 

» 

28 

45 

40 

40 

35 t 

■Ol X* __ 1 « ^ 



Platinum, highest —^$154.23, January, 1920. 
Platinum, lowest— $20.50, January, 1906. 

* Not available. 


t Fixed by the OflSce of Price Administration. 
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Russia and Canada. The potential producing power of the world is 
materially in excess of present consumption, and in view of the fact 
that Canada produces the metal as a by-product of the nickel indus¬ 
try, until new uses are developed to absorb the excess output or an 
international cartel arranged, prices cannot be expected to rise above 
their present level. Stocks of platinum range from 40,000 to 70,000 
ounces. Secondary platinum recovered in this country has varied in 
the last ten years from 20,000 to 60,000 ounces per year. 

525, Uses. Without platinum the chemist would be at a tremen¬ 
dous disadvantage in his work for the metal has no equal for labora¬ 
tory ware. Although it may be more expensive than certain substi¬ 
tutes initially, it actually is cheaper, because the scrap value is so 
high and because it may be used under so many different conditions. 

Platinum apparatus was formerly used a great deal in the chemical 
industry in the concentration of sulfuric acid, but the high price has 
put this almost completely into the discard. More and more, how¬ 
ever, the industry is employing platinum in the form of a catalyst, 
particularly in the contact sulfuric acid process and in the nitric acid 
industry, and new applications of it are being developed continually 
in the manufacture of synthetic organic chemicals. 

Though electrical contacts may be easily overlooked in considering 
uses, because of their insignificant size, they are still of great im¬ 
portance. It is true that silver, silver alloys, and tungsten can be 
used for such contact work, but no substitute has been found for plati¬ 
num alloy points to withstand severe conditions or where absolute 


dependability is required. 

Another large consumption, approximately 50 per cent of the plati¬ 
num used, is in jewelry. The manufacturer likes it because it is 
strong, ductile, and attractive; and the customer likes it because it is 
very expensive. The choice of platinum for jewelry is a sad com¬ 
mentary on human nature since it is questionable whether the average 
woman could select the platinum trinket from a series of articles 
made of platinum, white gold, iron-nickel alloy, and stainless^ stee . 

Another increasing use is for the cups, or spinnerets, used m the 
manufacture of rayon. They must be made of precious metal alloys 
because it is essential that metallic impurities should not be present 


Other minor applications are in electroplating, photography, pen 
points for fountain pens, radio tubes, explosives, medicine, dentistry, 
and dyeing. The consumption by large groups of industries is shown 


in Table 86. 
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TABLE 86 

Consumption op Platinum Group Metals in the United States 

(1938) * 



Troy Ounces 

Per Cent 
of Total 

Platinum 

Iridium 

Palladium 

Others 

Total 

Chemical 

14,328 

143 

402 

159 

15,032 

12 

Electrical 

5,645 

616 

10,447 

231 

16,939 

13 

Dental 

12,324 

148 

18,833 

34 

31,339 

25 

Jewelry 

44,654 

2,358 

5,356 

316 

52,684 

41 

Miscellaneous 

10,617 

32 

35 

628 

11,312 

9 

Total 

87,568 

3,297 

35,073 

1,368 

127,306 



* Wartime statistics are not available. 


626. Alloys.^ Although the iridium alloys are the most important 
being used in chemical ware, in electrical work, and in jewelry, there 
are, as indicated in Table 87, other important alloys with nickel, 
osmium, rhodium, and gold. 


TABLE 87 

Analyses of Allots of the Platinum Group Metals 


Per Cent 



Pt 

Au 

Pd 

Ag 

Cu 

Zn 

Ir 

Rh 

Wrought dental wire 

7.0 

63.8 


15.5 

13.2 

0 5 



White wrought dental wire 

17.0 

55.0 

7.5 

8.0 

12.5 

1 0 



Spinneret alloy 

33.3 

66.7 







Medium-hard jewelry alloy 

95 

_ 

- 

_ 



K 


Hard jewelry alloy 

90 

— 

- 




10 

30 


H3fpodennic alloy 

70 







High-temperature wire 

97-80 

— 

— 

— 

— 

— 

3-20 


>A rtan^rd has recently bera eet up by the United States Bureau of Staud- 
a* for artiete of plalmum. Only metal coutaiuiug 98^ per cent or more of 
platmum can be stamped “Platinum” or “Plat.” 

















U6 PLATINUM 

527. Ores. Platinum usually occurs in nature as the native metal, 
alloyed with one or more of its allied metals, in the form of very fine 
grains or sometimes irregular nuggetsd AVhen unrefined, it is referred 
to as “crude” platinum. Up to 1915, more than 95 per cent of the 
world’s supply of the metal was derived from alluvial deposits located 
in Russia, Colombia, and Ethiopia. Since then, however, increasingly 
large amounts of platinum have been derived from lode deposits, first 
in South Africa and still later from the well-known copper-nickel 
deposit of Sudbury, Ontario. There, it is said, the platinum metals 
occur mostly in combination with the sulfur in such minerals as cup- 
perite (PtS) and bragite (PdPtNi)S. Rhodium, ruthenium, osmium, 
and iridium accompany platinum in all the deposits which have been 
mentioned and are recovered along with the platinum in the refining 
operation. 

PRODUCTION OF THE METALS OF THE PLATINUM GROUP 

528. General. The material to be treated may vary from crude 
platinum concentrates, from the alluvial deposits, containing 73 to 
86 per cent of the metal, to secondary slimes containing as little as 2 
per cent, as well as sweepings and scrap. These materials are ordi¬ 
narily concentrated, first by acid treatment, and subsequently by 
smelting with litharge fluxes and charcoal in small, basic-lined fur¬ 
naces in order to collect the precious metals in the lead, and, at the 
same time, slag off silica and base metals. Subsequent cupellation 
of this material should yield an alloy containing at least 50 per cent 
of metals of the platinum group. 

529. Separation and Purification. In the usual practice the ore 
or alloy is first digested with aqua regia. The resulting solution con¬ 
tains the bulk of the platinum and palladium as well as the gold and 
most of the base metals present in the material. It also contains 
iridium, rhodium, and small amounts of ruthenium which were pres¬ 
ent as minor constituents, but any osmium which dissolves escapes as 
the volatile tetroxidc. Some or all of the silver will be in the solution 
because of the solubility of silver chloride in such a strongly acid 
medium. Osmiridium and other alloys containing iridium as a major 
constituent remain in the insoluble residue together with most of the 
ruthenium, much of the rhodium, and much of the non-precious min¬ 
eral content of the sample. 

The first operation is to precipitate the bulk of the platinum with 
ammonium chloride. To prepare the solution for this precipitation 

1 Ono woiKliinK 15 i)ound8 wns found in Russia in the early days of the industry 
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the nitric acid, and most of the excess of hydrochloric acid, are re¬ 
moved by evaporation, diluted, filtered to remove silver chloride, and 
other insoluble matter, heated to boiling, and the platinum pre¬ 
cipitated with ammonium chloride as ammonium chloroplatinate 
[(NH4)2PtCl6]. 

The next step depends upon the nature and proportion of the other 
metals present. If there is a large amount of gold it may be desirable 
to separate that metal by the addition of ferrous sulfate solution. 
This separation is rapid and complete, and the gold obtained is fairly 
pure; but more often the most convenient procedure is to precipitate 
all the metals remaining in the solution, after the first precipitation 
of platinum, by means of zinc or iron. 

The precipitated metals are washed by decantation, dissolved in 
aqua regia, and diluted with four volumes of water. Gold and palla¬ 
dium are very rapidly dissolved and the platinum reasonably so. 
Comparatively little iridium, rhodium, and ruthenium dissolve. If 
not already separated, gold is then removed by precipitation with 
ferrous sulfate, filtered out, and the filtrate evaporated to expel most 
of the excess acid, then diluted to a concentration of about 40 grams 
of palladium per liter. Ammonium hydroxide and then hydrochloric 
acid are added to precipitate the palladium as palladosammine chlo¬ 
ride [Pd(NH3)2Cl2]. This salt can then be ignited directly to a pal¬ 
ladium sponge. 


The material insoluble in the aqua regia solution can usually be 
brought into solution by fusion with sodium hydroxide and sodium 
peroxide. Unless there is much more rhodium than iridium, a con¬ 
venient way of effecting a separation is to precipitate iridium’ as am¬ 
monium chloroiridate, and this salt after filtration and washing is 
Ignited to an iridium sponge. 


The filtrate is diluted to a concentration of not more than 40 to 50 
grams of rhodium per liter, heated to boiling, and treated with sodium 
nitrite. This reagent first neutralizes the acid present and reacts with 
ammonium chloride to form ammonium nitrite. This decomposes in 

^ precipitate of ammonium-rhodium-nitrite 
irm4)3Kh(N02)8, which may be ignited directly to the metal 
Osmium and ruthenium may be separated by distillation. For 
osmium, this is carried out in a strongly nitric acid solution and 

soluZ ZT containing sodium hydroxide 

solution. After the osmium is removed the solution can be made 

strongly alkaline with sodium hydroxide, saturated with chlorine 

thereby converting ruthenium to the tetroxide, which can be distilled 
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off readily when the temperature is raised to about 85°C. The re¬ 
covered oxides can then be converted to chlorides and these ignited 
to form metallic sponges. 
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SELENIUM AND TELLURIUM 


530. History. The metallurgy of these two metals is intimately 
associated; consequently, they are considered together. Tellurium 
was discovered in 1782 by Franz Joseph Muller, a Viennese chemist, 
in a gold mineral from Transylvania. Klaproth found a new mineral 
in another gold ore in 1798, and proposed for it the name tellurium 
(the earth metal^ Almost twenty years later, in 1817, Jons Jacob 
Berzelius, a brilliant Swedish chemist, while investigating a reddish 
deposit collecting in the lead chambers of an acid plant, isolated a 
residue that had many properties similar to tellurium. In 1818 he 
announced the discovery of a new element, selenium, from Selene 
(Goddess of the Moon). 


531. Economics and Statistics. All selenium and tellurium of 
commerce is produced as a by-product of some other industry. The 
major source at the present time is the anode slime from the electro¬ 
lytic refining of lead and copper. Only in recent years have produc¬ 
tion statistics been available for selenium and tellurium. Prior to 
World War II Canada and the United States were the largest produc¬ 
ers; next were Sweden, Russia, Mexico, and Japan. In 1943 this 
country produced about 320 tons of selenium and 28 tons of tellurium • 
Canada produced 190 and 30 tons, respectively, of tellurium and 
selenium. Furthermore, although some important uses have been de¬ 
veloped for selenium, efforts in this direction with respect to tellu¬ 
rium, although encouraging, have not been very fruitful. 

Both selenium and tellurium have been on the free list since 1925 
032, Properties of the Metals. 


Selenium 

Atomic weight 78.96 

Specific gravity 4 gj 

Melting point 220°C 

Boiling point 690°C 

Coefficient of expansion (linear) 37.0 X lO""® 
Specific resistance 12 

Thermal conductivity * 

Heat of fusion * 

Specific heat n no/i 


* Not available. 


Tellurium 

127.61 
6.24 
45rc 
1090“C 
16.8 X 10-® 

26 microhms 

0.0143 cal/sq cm/cm/®C/sec 
7.305 cal/gram 
0.0468 cal/gram/°C 
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533. Marketing and Prices. In 1946 selenium and tellurium (99 
per cent plus grade) were selling at $1.75 per pound. The copper in¬ 
dustry, the chief source of supply, has at all times been in a position 
to increase the rate of production to meet current demands because 
under normal conditions large quantities have been removed from the 
the refining C 5 ’’cle and run to waste. 

534. Uses. One of the most important uses of selenium, although 
the consumption of the element in this manner has been relatively 
small, is in the construction of light-sensitive cells. They find wide 
application commercially as smoke detectors, burglar alarms, door 
openers, counters, and in exposure meters in photographic work. In 
the glass industry selenium compensates for the green color of glass 
caused by iron oxide. In the production of red or ruby glasses it re¬ 
places red lead and gold chloride. Although much more expensive 
than sulfur, selenium and tellurium have been used in recent years 
in the rubber industry. Among the advantages claimed for selenium 
in rubber compounding are that it shortens the time of cure, incieases 
the tensile strength, improves the aging qualities, and increases the 
resistance to abrasion by as much as 50 per cent. Selenium is com¬ 
monly used as a constituent of stainless steels for the purpose of 
increasing the speed of machining. Other applications are in^the dye¬ 
ing industry, in sensitizing photographic films, in fireproofing cotton 
and rubber, and in selenium oxychloride, which has been acclaimed 
as nearly a universal solvent. 

The rate of increase in the demand for tellurium has been decidedly 
slow; nevertheless, there is good reason to believe that effort along 
these lines is shortly to bear fruit. The outstanding development m 
the use of tellurium has been the discovery of the effect of small 
amounts on the physical properties of lead. In this alloy, in amounts 
under 0.1 per cent, tellurium has increased the resistance to sulfuiic 
acid, restricted grain growth, and improved the resistance to fatigue 
and vibration as well as the tensile strength obtained by cold work¬ 
ing. Tellurium as a rubber cure is credited with much the same 
effect as selenium. Minor uses are as a thermocouple element and 
in removing cobalt from zinc solutions jirior to electrolytic dep- 


^^536. Ores. Both elements are widely distributed m the earth’s 
crust although present in amounts that are relatively sinal. e u 
rium is frequently found in silver and silver-gold ores, such as those 
occurring at Cripple Creek, Colorado, and the Great Boulder Reef o 
Australia. Selenium is usually associated with iron pyrite and copper 
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pyrite. As a matter of fact, most of the selenium and tellurium pro¬ 
duced today is as a by-product in the refining of copper and nickel 
ores, being a constituent of the slimes produced in this electrolytic 
refining. 

PRODUCTION OF SELENIUM AND TELLURIUM 

536. Source. The flow sheet of the jmocess is shown in Figure 78. 
This flow sheet is usually a part of the larger process for the elec- 
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1. The refining of the dore charge results in the production of a 
niter slag containing considerable selenium. Water leaching of 
this material yields a basic solution containing both selenium 
and tellurium as selenites and tellurites. 

2. Many of the furnace treatments unavoidably volatilize an ap¬ 
preciable quantity of selenium. This is oxidized to selenium di¬ 
oxide, which on cooling crystallizes in chambers provided in the 
flue system for this purpose. These needlelike crystals (“whisk¬ 
ers”) containing about 55 per cent of selenium are readily solu¬ 
ble in water, forming selenious acid. 

3. The silver refinery flue gases are treated in a scrubber tower as 
well as in a wet Cottrell for the recovery of valuable constitu¬ 
ents. Soluble selenium and tellurium entering this system are 
recovered as solutions which are filter-pressed and pumped di¬ 
rectly to the selenium plant. 

4. Leach liquors from the slimes leaching treatment are freed of 
selenium and tellurium by cementation with copper sludge. This 
process concentrates tellurium in the cementation slimes, which 
from time to time may be profitably submitted to special treat¬ 
ment for the extraction of tellurium. Oxidation of the cementa¬ 
tion slimes, by roasting with caustic soda, renders the tellurium 
soluble as sodium tellurite which may be extracted by a water 
Ic&cli 

RECOVERY OF SELENIUM 

637. Neutralization. Incoming solutions from the above sources 
are received in storage tanks and held until sufficient quantities are 
on hand to make up a batch. At the start of a batch treatment, solu¬ 
tions from the storage tanks are run into one of the neutralizing 
tanks, acid and basic solutions being blended in this operation to 
approximate neutrality. The solution is then sampled and a rough 
determination of the selenium eontent made (the desired concentra¬ 
tion of selenium is about 120 to 140 grams per liter). Any tellurium 
and base metals not completely removed by neutralization will ap¬ 
pear in reduced percentages in the final product if the selenium con¬ 
tent of each batch is kept at this figure. Solutions containing less 
than this amount are filter-pressed and concentrated in an evaporator 
to the required strength and then returned to the neutralizing tank. 
Neutralization must be carried out very carefully to insure the pre¬ 
cipitation of the base metals, particularly lead and copper as car¬ 
bonates. 
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538. Precipitation. The neutralized solution is filter-pressed into 
a storage tank, from which it is charged to the precipitators in about 
sixty cubic-foot batches. The filter press cake containing the base 
metal impurities and tellurium is water-washed and sent to the tellu¬ 
rium plant. In the precipitators selenious acid and sodium selenite 
are reduced to metallic selenium by the action of sulfur dioxide gas 
in acid solution according to the following reactions: 

Na2Se03 -|- H2SO4 —> Na2S04 -T H2Se03 (1) 

H 2 Se 03 -|- 2 SO 2 -(- H 2 O —> 2 H 2 SO 4 "T Se (2) 

In a solution containing 12 per cent of sulfuric acid the selenium con¬ 
tent will be reduced to 5 to 7 grams per liter of selenium in about 12 
hours. It is not wise to attempt complete precipitation because exces¬ 
sive gassing tends to precipitate tellurium. 

539. Reduction. The contents of the precipitator are agitated for 
2 to 3 hours and then allowed to settle, the spent solution is siphoned 
off, and the precipitated selenium is washed with one acid and three 
hot water washes. The washed selenium is washed further with hot 
water until the effluent wash water is free of acid. A few pounds of 
soda ash are then mixed with the selenium to insure neutralization 
of any acid freed by grinding, and the mixture is charged to a rod 
mill. This ground material is washed again with water until free of 
soda ash and finally dried in pans for 24 hours. This dried selenium, 
which now appears as a black amorphous powder, is screened through 
200 mesh, the oversize returned to the mill and the undersize sent to 
market. A typical analysis of the finished product is Se, 99.70 
per cent; Te, 0.12 per cent; ash, 0.13 per cent; Cu, 0.001 per cent; 
Fe, 0.01 per cent. The spent solution is pumped to the silver refinery, 
evaporated, charged to a cast iron still, where the selenium and acid 
are driven off, and recovered in the scrubber and Cottrell system. 
The molten residual sodium bisulfate is cast into slabs and sent to 

the smelter. Wash waters are used in the slime leaching process in 
the silver refinery. 

RECOVERY OF TELLURIUM 

640. Leaching. The crude tellurium sludge from the selenium 
process is agitated with cold water in a tank to insure a uniform 
Buspension. Caustic soda is then added in a small amount, with 
continuous agitation, until only the darker, base metal hydroxides 
are left in suspension. These are filtered out of the liquor, and the 
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clear filtrate containing tellurium as sodium tellurite is discharged 
into a neutralizing tank. The base metal sludge is returned to a 
dissolving tank, where it is again leached to remove any excess tellu¬ 
rium. The sludge is again filtered out and returned to the silver 
refinery dore furnace. The filtrate from this second leach is used in 
the make-up of subsequent batches. 

541. Precipitation. In a neutralizing tank the filtered caustic liq¬ 
uor is neutralized by the addition of dilute sulfuric acid. This opera¬ 
tion precipitates tellurium oxide (leaving selenium in solution), lead 
sulfate, and some silica. After settling, the barren solution is de¬ 
canted, sent back to the selenium plant, and the precipitated oxides 
given four water washes and redissolved in caustic solution. In re¬ 
dissolving the oxide, care is taken to avoid a large excess of caustic 
soda in order to leave the silica undissolved, tellurium and lead en¬ 
tering the solution. Sodium sulfide solution is cautiously added to 
avoid an excess, and lead is precipitated as the sulfide. Any excess of 
sulfide in solution precipitates a mixture of tellurium and sulfur. 

642. Reduction. The lead-free caustic solution is filtered into a 
second neutralizing tank, heated to 85°C, and again neutralized with 
dilute sulfuric acid. This precipitates substantially pure oxide, which 
is thoroughly water-washed, dewatered, and dried. A typical analysis 
at this point is Te, 77 per cent; Se, 0.03 per cent; Pb, trace; Si02, 0.02 
per cent. The tellurium oxide is reduced to metal by mixing with 
flour and borax and fusing in a covered crucible. Oxidation during 
melting and pouring is considerable and the source not only of loss 
but of discomfort to the operator. The metal which is shipped to the 
market as bars, lump, or pulverized material analyzes: Te, 99.75 per 
cent; Se, 0.04 per cent; Pb, trace. 
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SILVER 

543. History. The earliest known article of silver is a necklace of 
beads supposed to belong to the twelfth Egyptian Dynasty (2400 
B.C.). Although ancient silver may have come from native deposits 
of this metal, the amount is such as to lead to the belief that the pro¬ 
duction of silver is prima-facie evidence that lead must also have 
been produced. There is no question that the ancients were familiar 
with the process of cupellation for there are numerous pigs of lead 
in British museums marked “ex argent.” The symbol Ag and prob¬ 
ably the name silver may be traced to its shiny appearance. The 
mines of Laurium were worked extensively as early as 700 b.c., both 
lead and silver being recovered. (It is interesting to note that it was 
t e Athenian state’s share of the products of these mines that built 
the ships that were victorious at Salamis.) 

544. Economics and Statistics. The silver production of the world 

by countries is shown in Table 88 . Although there are important in- 


TABLE 88 


World’s Silver Production by Countries * 
(In Fine Ounces) 



1910 

1918 

1921 

1929 

1932 

Belgian Congo 

British India 

Canada 

Japan and Chosen 
Mexico 

Oceania 

South America 

United States (includ¬ 
ing Philippines) 

t 

1,076,600 

31,983,328 

4,798,351 

72,574,220 

14,421,476 

16,476,900 

56,438,695 

32,500 

2,240,500 

21,284,600 

6,626,400 

62,517,000 

10,000,000 

15,561,000 

67,810,100 

200,000 

3,660,000 

13,135,000 

5,000,000 

50,360,000 

9,000,000 

14,000,000 

62,700,000 

135,000 

7,500,000 

23,180,000 

4,500,000 

108,700,000 

11,300,000 

29,500,000 

60,938,000 

421,000 

5,000,000 

18,356,393 

4,500,000 

71,700,000 

7,000,000 

12,400,000 

24,425,089 

Total 

(World’s) 

233,650,312 

197,394,900 

168,000,000 

262,598,000 

161,003,000 


bv permitsion of McGraw-HiU Book Co.) 
m Mimal Industry, McGraw-HiU Book Co. 

T Not available. 


1939 

1944 

2,850,000 

t 

6,250,000 

t 

23,116,861 

13,545,905 

13,500,000 

t 

76,500,000 

63,000,000 

15,400,000 

t 

30,900,000 

25,702,378 

63,743,809 

37,370,000 

265,460,670 

t 


iiner 
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dustrial uses of silver, the consideration of this important metal from 
the economic standpoint would be incomplete without reference to its 
unstable but important place in the world’s monetary system, par¬ 
ticularly that of our own country. 

The first coinage act of the United States, prepared by Alexander 
Hamilton in 1792, provided for a bimetallic system of gold and silver 
at a 15 to 1 ratio. The dollar was to contain 371.25 grains of pure 
silver (1 ounce of pure silver was worth $1.29). In 1834, the ratio 
was changed to 16 to 1; the content of the silver dollar, which was no 
longer in circulation, remained at 371.25 grains of pure silver and 
the content of the gold dollar was placed at 23.2 grains of pure gold. 
In 1853 the country abandoned the double standard and by withdraw¬ 
ing free coinage reduced silver to subsidiary status. It is significant 
that silver was dropped because of the accepted impossibility of 
maintaining gold and silver in a fixed ratio; because of the increase 
in new gold, silver was no longer needed to provide a metallic base 
for currency. By 1876 the value of silver had fallen so seriously 
that inflationists and owners of silver mines began to agitate for the 
inclusion of silver in our monetary base. The result—the Bland- 
Allison Act in 1878—provided for the obligatory purchase by the Gov¬ 
ernment, and coinage into silver dollars,'^ of not less than $2,000,000 
and not more than $4,000,000, monthly, of silver bullion. From 1878 
to 1891 the treasury purchased 291,000,000 fine ounces of silver at a 
cost of $308,000,000, or $1.06 per ounce; and coined $378,000,000 (a 
seigniorage of $70,000,000), From 1878 to 1890 the price of silver 
continued to decline, with the result that the Sherman Act was passed, 
in 1890, which directed the Treasury to increase its purchases by buy¬ 
ing each month in the market 4,500,000 ounces and to issue for them 
Treasury notes of small denomination. Under this act the Treasury, 
between 1891 and 1894, purchased 169,000,000 ounces of silver at a 
cost of 92 cents an ounce. On April 15, 1893, the Secretary of the 
Treasury announced that, owing to the silver purchases, the nation s 
gold reserves had fallen below $100,000,000. The panic was on, and in 
1893 the Sherman Act was repealed, at an extra session of Congress. 
During World War I few changes were made, although in 1918 and 
1919 the United States Government, strictly as an emergency 
war measure, sold 200,000,000 fine ounces (obtained by melhng 
258,000,000 silver dollars) to Great Britain for use in India. le 
Pitman Act was passed at that time providing that the treasury must 

1 In 1944 I,his coimliy used 76,409,000 ounces for coinage purposes. The annual 
average in 1930-1940 was 17,790,000 ounces. 
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replace the silver sold to India only from American mines, and at a 
fixed price of one dollar per ounce. 

The most radical changes were made during the presidential ad¬ 
ministrations of Franklin D. Roosevelt, starting with the Commerce 
Amendment to the Farm Relief Bill, dated May 12, 1933. This 
authorized the President, at his discretion, to fix the weight of the 
silver dollar at a definite fixed ratio in relation to the gold dollar- to 
provide for the unlimited coinage of gold and silver at the ratio’ so 
xed and to accept silver in payment of principal and interest from 
any oreign government on account of any indebtedness to the United 
States (such silver to be accepted at not more than 50 cents an 

$2oToOo1om' ThT' 1 

’ ’ brought in, from five foreign nations, 22,700 000 

ounces of silver. In July, 1933, the London Economic Conference 

sMing ^hat tVff r ^ proclamation by the President 

stating that the effective price to be paid for silver was 64 y. cents 

per ounce (roughly 50 per cent higher than the market pri^; any¬ 
where m the world at that time). P ^ 

fl, power to reduce 

weight of the standard silver dollar in the same percentage that 

he reduced the weight of the gold dollar. On January 31, 1934 ^he 

resident declared that the weight of the gold dollar was to be 15 V 

grains, 900 fine, but the weight of the silver dollar was not altered bv 
this proclamation. On June 11 iQ-ia ^ 

tration's Silver PurchaseTct ^hlh d 7T 

urcnase Act, which declared among other things: 

oTsilverTo “/oU in^t‘'‘' P™P»r«on 

Sliver to gold in the monetary stocks of Ria TTr.:+ oi x 

mth the ultimate object of having and maintaining onltou^rth 
of the monetary value of such stock in silver. ® 

P”''’“e silver at such rates and 

Under this act the Treasury fixed the price of silver at 77 57 r 
per ounce, and, since it continued to sell in * 1 . * 

o7t;r7l,t937rnew e^^* "^oaT 17e! 

w- set. Acuisitiof. of silveT IZ Lk ZTml ZCZ 
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necessary to erect storage vaults for silver on the United States 
Military Reservation at West Point. 

On July 6, 1939, the domestic subsidy was again increased, and 
this time made permanent by Congress, leaving the Administration 
no discretionary power over domestic silver but opening the mints 
permanently to all newly mined silver of domestic origin, producers 
thereof being guaranteed 71.11 cents per ounce. During the period 
of 1934 to 1945 the United States Government was buying silver 
at the rate of 100,000,000 to 850,000,000 ounces per year with the 
result that the monetary stocks rose from $837,459,000 in 1934, at 
which level it had been for 12 years, to $2,315,710,017 at the end of 
1944. 

World War II brought with it several developments. First, there 
was a determined effort in Congress to repeal the laws having to do 
with the price, reserves, and peacetime uses of silver, but little suc¬ 
cess was attained. Then a bill was passed releasing several thousand 
tons for use in the place of copper as bus bars in munitions plants, 
but the amount thus released fell far short of the demand. In 1943 
the War Production Board denied priority for machinery and sup¬ 
plies to mines, 30 per cent of whose production consisted, in value, 
of gold or silver, or both. International conferences such as those 
held at Bretton Woods (July, 1944) and San Francisco (April-June, 
1945) brought forth spirited debate regarding the merits and de¬ 
merits of the silver monetary unit. Much silver was lent to foreign 
countries in connection with the Lend-Lease program of our Gov¬ 
ernment. In August, 1946, Congress raised the guaranteed price of 
silver from 71.11 cents to 90.50 cents per ounce. 

646. Properties of the Metal. 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 

Coefficient of expansion (linear) 
Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 


107.88 
10.5 
961 °C 
1955“C 

1.86 X lO-i^ 

1.62 microhms 

0.974 cal/sq cm/cm/“C/seo 

2.7 

24.3 cal/gram 
0.0558 cal/gram/'’C 


646. Prices. The price range of silver (open market) in recent 

years is shown in Table 89. Qiivpr is 

647. Uses. Coinage is easily the largest use for si . 

also used for table or household ware, either as sterling silver 
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TABLE 89 



Prices op 

Silver 



(In New York) 



Cents per 


Cents per 


Fine Ounce 


Fine Ounce 

1910 

53.49 

1932 

27.89 

1918 

96.77 

1939 

39.40 

1921 

62.65 

1944 

■' 44.75 

1929 

52.99 

.... 



Highest—$1,375, November 25, 1919. 
Lowest—$0.2425, December 29, 1932. 


Sliver plate. As an electroplating material it finds application in 
automobile headlights and in the cheaper grades of silverware. An¬ 
other important use is in photography, an outlet which has become 
of very large proportions with the rapid growth of the motion picture 
industry. Other uses are in jewelry, in dentistry (as silver amal¬ 
gam), silver solders, lining and coating of chemical and photographic 
manufacturing equipment, and some electrical alloys. A new cad¬ 
mium-silver-bearing metal usually contains about 5 per cent of silver. 
^ Although wartime pressure brought with it a greater use of silver 
in industry (see Table 90) it is unlikely that industrial outlets will 


TABLE 90 

Industrial Uses of Silver 


(1943) 

Solder and brazing alloys 

Photographic goods 

Electrical contacts 

Other electrical products 

Insignia 

Dental uses 

Pharmaceuticals 

Jewelry 

Silverware 

Miscellaneous uses, including bearings 
Total 


Troy Ounces 
14,932,000 
17,370,000 
7,903,000 
5,282,000 
8,902,000 
1,283,000 
392,000 
20,424,000 
18,792,000 
22,614,000 

117,894,000 


g beanngs and brazing alloys can afford to continue the war- 
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born use of silver at 75 cents per ounce or higher. In view of the 
refusal of Congress in 1946 to modify or repeal the current silver¬ 
purchasing law, it appears unlikely that the postwar price will be 
below 60 cents per ounce. 

548. Alloys. The common alloys are made with gold, copper, tin, 
iron, lead, and zinc. The composition of the common silver-bearing 
alloys is shown in Table 91. 


TABLE 91 

Compositions of Silver Alloys 





Per Cent 




Ag 

Cu 

Sn 

Zn 

Cd 

Silver solder 
eutectic (778“C) 

72 

28 



max. 0.5 

alloy (820‘’C) 

10 

52 

— 

38 


Sterling silver 

92.5 

7.5 

— 



Dental amalgam 

65-70 

3-6 

25-29 

max. 2 


Coins (American) 

90 

10 


' 

97.5 

Bearing alloy 

2.5 





649. Ores. Silver occurs in nature in both the native and com¬ 
bined form. Native silver is found in flakes, wirelike forms, and 


TABLE 92 


Sources of Silver in the United States 
(Per Cent of Total) 



1910 

1918 

1921 

1929 

1932 

1944 

Placers 

Dry or siliceous ores 

Copper ores 

Lead ores 

Zinc ores 

Cu-Pb and Cu-Pb-Zn ores 
Pb-Zn ores 

0.28 

40.15 

27.82 

26.09 

1.31 

0.93 

3.42 

0.17 

30.41 

28.75 

27.02 

0.78 

0.64 

12.23 

0.18 
51.88 
10.36 
32.30 
0.01 ; 
0.97 
4.30 

0.07 

18.25 

29.50 

19.22 

2.59 

4.66 

25.71 

1 

0.28 

17.29 

22.78 

21.53 

0.01 

14.83 

23.28 

* 

17.1 

34.4 

12.0 

2.2 

J34.3 


• Less than 1 per cent. 
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masses, up to as much as 1500 pounds in weight. The purity of tliis 
native silver is high—900 to 980 fine. The most common minerals 
of silver are argentite (Ag 2 S, 87.1 per cent silver), ccrargyrite (AgCl, 
75.3 per cent), and stephanite (Ag 5 SbS 4 , 68.5 per cent). 

Sometimes an ore is valuable fur its silver content alone, such as 
those of Cobalt, Ontario, and may contain as much as 7000 ounces 
of silver per ton. More often, however, the silver is associated with 
gold; consequently, a large proportion of the world’s supply of this 
metal is recovered as a by-product in the refining of lead, cojjper, 
and zinc ores as indicated in Table 92. 


EXTRACTION OF SILVER FROM ITS ORES 

660. General. Silver may be extracted from its ores by: 

1. Direct smelting. Many “dry” silver ores arc mi.xed with suit¬ 
able lead or copper ores and smelted as such in blast or reverberat(jry 
furnaces. The silver is absorbed by the matte or metal and can be 
recovered in the process of refining. 

2. Amalgamation. This may take the form of simple amalgama¬ 
tion similar to that employed in the recovery of gold or the old 
“Patio” process involving the decomposition of the ore with sodium 
chloride and copper sulfate and subsequent amalgamation. 

3. Cyanidation. This process differs only in minor details, such 
as strength of solution and time of treatment, from the cyanide 
process used in the recovery of gold. 

i. Other hydrometallurgical processes. A number of these involv¬ 
ing brine leaching have been tried in the pas^-the most successful 
having been the Holt-Dern process developed at Park City, Utah. 


CYANIDATION OF SILVER ORES 

661. General. The methods of treatment and apparatus used are 
in general similar to those already described for gold ore Silver 
dissolves much more slowly than gold (for example, a particular 
ore yielded 70 per cent of the gold but only 25 per cent of the 

larger quairtities, frequently in the form of retraetory compounds 
and consequently, a much longer period of contact with rtroneer 

much aner m order to have Bner particles of silver and thus lessS 
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the time necessary for solution. The consumption of cyanide will 
vary from 2 to 7 pounds of sodium cyanide per ton of ore. Actually, 
even wuth fine grinding and adequate agitation and aeration, a period 
of 2 to 4 days’ contact may be required to dissolve the silver. 

PRECIPITATION OF SILVER FROM CYANIDE SOLUTIONS 

652. General. Because of the greater amount of metal to be re¬ 
covered, electrolytic methods of precipitation have been suggested 
and tried (with both plain and amalgamated electrodes)—so far 
W'ithout much success. Precipitation methods now employed are 
similar to those already described in connection with the metallurgy 
of gold. Zinc boxes are even less convenient with silver because the 
bulk of the precipitate causes even more trouble than precipitating 
gold; consequently, the Merrill-Crowe process finds almost univer¬ 
sal favor. In zinc box precipitation over 2 ounces of zinc per ounce 
of silver are often required, whereas zinc dust may run as low as 
0.5 ounce. 

663. Precipitation with Aluminum. In view of the much higher 
cyanide consumption in dissolving silver, precipitation with alumi¬ 
num powder has some advantages. It should be noted, from the 
following reaction involved, that aluminum cyanide is not formed, 
but, in the presence of sufficient free alkali, sodium aluminate is 
formed and the cyanide regenerated. 

6 NaAg(CN )2 + GNaOH -f- 2A1 -> 6 Ag -|- 12 NaCN + 2 A 1 ( 0 H )3 (1) 

A1(0H)3 + NaOH NaAlOj + 2 H 2 O (2) 

Lime must be absent at the time of precipitation; otherwise the 
following reaction will take place: 

2NaA102 + Ca(OH )2 CaAl 204 + 2NaOH (3) 

It can be seen from the above reactions that the presence of caustic 
soda is essential. Furthermore, as a matter of practical operation, 
lime must be absent. Otherwise, calcium aluminate will form and 
either contaminate the silver precipitate, yielding a low-grade prod¬ 
uct extremely difficult to flux and melt into bullion, or under certain 
conditions will precipitate out into the pipes and valves as a hard, 
flintlike material, obstruct the' flow of fluid through these pipes, 
and give much trouble. After precipitation, when the barren solu¬ 
tion is reused in the grinding and agitation circuits in the presence 
of lime, the aluminum is precipitated as calcium aluminate, and 



THE MOEBIUS CELL 


433 


removed from the plant with the tailing, caustic soda being formed. 
It should be noted also that aluminum dust is approximately ten 
times as expensive as zinc dust, thus offsetting some of the advan¬ 
tage of the recovered cyanide. On the whole, although it has proved 
its advantages in the treatment of ores containing arsenic and anti¬ 
mony, this method has not been widely applied. 


REFINING OF SILVER BULLION 

554. The Moebius Cell. In this cell, shown in Figure 79, the 
silver is deposited as loosely adhering crystals on the cathode and 


ib) 
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Anodes 
Cathodes 
Scrapers 
Cloth bag 
Mastic lining 
Filter basket 
Filter bottom 


(j)(k) 


h Concrete tank 
i Burlap 
j Scraper frame 
k Track 
I Bus bar 
m Anode bars 
n Anode hangers 
o Movable frame 
P Insulation 

r Bus bar 
3 Scraper frame 



Fig. 79. Moebius Cell. 

the gold collected as anode mud or slimes. The cell uses three 
anodes and three cathodes, each about 14 by 5.5 by % inches. The 
anodes weigh about 100 ounces and should be about 950 fine in 
silver; the cathodes may be either rolled silver (Vo, inch thick) or 
stainless steel. The anodes are surrounded by canvas bags To pr" 
vent the anode mud from contaminating the deposited silver. The 
genera arrangement of the electrodes is not unlike that used in the 
mul vie process of copper refining. The electrolyte is a neutral 
so ution of silver nitrate containing 15 to 60 grams per liter of the 
salt a part of which electrolyte must be withdrawn each day for 
purification, since the copper in solution must be kept below about 
grams per liter. The cells operate at a current density of 50 

^ potential of about 2.7 volts. Be¬ 
epers sLT 1 ““•’anically operated wooden 

apers stir the electrolyte and knock off the crystals of deposited 











134 


SILVER 


silver, which are removed several times each day as they accumulate 
in the tray. Slime, usually about 1 to 2 per cent of the weight of 
the anodes, collects in the bags and contains all the gold, platinum, 
and associated metals. This is washed, dried, smelted, and cast into 
anodes for refining by the Wohlwill process (described in the chapter 
on gold. Chapter 13). 

555. The Thum Cell. This process ^ is carried out in a cell shown 
in Figure 80, which is built of concrete, lined with mastic, or of acid- 



Fici. 80. Tluim Cell. 


proof stoneware. The cathode is a slab of graphite or carbon cover¬ 
ing the entire bottom of the cell. Five anodes, of dore bullion, 
about 8 by 12 inches, rest horizontally on the bottom of a wooden 
or stoneware basket placed above the cathode, with a piece of muslin 
or duck placed in the bottom of the basket under the anodes to serve 
as a diaphragm in preventing the gold slime from falling on the 

silver deposited on the cathode below. Electrical contact is made 

with both electrodes by a silver plate with vertical lugs. Although 
the voltaBO cnploycd is higher (3 to 3^5) heeause of the resistan^ 
of the layer of slime, the composition of the electrolyte and the cm 
rent density arc about the same as in the Moebms process. The 
anodes are corroded in about tour days; the g.dd 
moved every five. The silver, deposited on the carbon in the foil 
of loose crystals, may be removed periodically with a scraper. Bo i 
silver and gold arc treated as in the Moebius process. 

» Somotimes known as Balbach-Thum process. 
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On the whole, the Moebius process requires a smaller floor space 
and less energy per unit of silver produced, and consumes less nitric 
acid, than the Thum process. There is about 15 per cent of scrap 
produced that cannot be used in the cell without recasting; in the 
Thum cell the anodes are completely consumed—any anode frag¬ 
ments can be placed under new ones and be dissolved. 

556. Regeneration of Cyanide Solutions. Most silver ores not 
only require strong cyanide solutions, but also, since they normally 
contain over ten times as much metal at gold ores, the formation of 
complex cyanides with zinc on precipitation represents a loss of this 
valuable reagent. At large plants (treating 1000 to 3500 tons per 
day)_this loss is considerable. In the Halvorsen process the complex 
cyanides are decomposed by sulfur dioxide gas, and the hydrocyanic 
gas IS absorbed in an alkaline solution. 

In practice the sulfur dioxide can be generated in a rotary type 
burner or obtained from roaster gases, if the latter are available 
This gas 18 bubbled up through the mill solution or passed over a 
wooden ^ill work, countercurrent to the falling mill solution. This 
solution then passes to dispersers, where, by exposure to a vacuum 
or to large quantities of rapidly moving air, the hydrocyanic gas is 

anTlkale'’ 8 “ brought in contact with 

n alkaline solution, by passing it countercurrent, through a tower- 

by spray nozs es in a vertical tower; or by revolving arL o Zs 

in a horizontal chamber. The reactions involved are: 

NasZnCCN)! + 2 HjS 03 -» 4HCN + Na^ZnCSOs); ( 4 ) 
CaO + H 2 SO 3 CaSOa + HgO ( 5 ) 

2HCN + Ca(OH )2 Ca(CN )2 + 2 H 2 O ( 6 ) 

cyanide recovered (S'per“»t'ofraf “ 

per ton, whereas the cost of treatment i! onraltt:: ^ 0 ^ 1 ^ 
the FRESNILLO MILLi 

»teers, Vol.'lirp^iat«nd Metallurgical Engi- 
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world with a rated capacity of 2600 tons per 24 hours, A flow sheet 
of the present plant is shown in Figure 81. The ore is crushed from 
run- 0 f-mine, in gyratory crushers and Symons horizontal disk 
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Fio. 81. The Frcsnillo Mill. 


crushers, to % inch and conveyed to a mill bin of 6400 tons capac¬ 
ity. In the primary Marcy and liardinge ball mills it is ground to 
about 14 per cent on 20 mesh and then sent to Traylor ball mills, 
where it is ground in closed circuit with bowl classifiers. The fourth 
Traylor mill is used to grind the oversize classified from a tailings 
dump at another (the Santa Ana) property. 
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658. Slime Leaching. This pulp is classified, in bowl classifiers, 
into a sand (60 per cent on 65 mesh, 2.5 per cent through 200 meshj, 
which is sent to the sand-leaching plant; and a slime (8 per cent on 
65 mesh, 58 per cent through 200 mesh), which is sent to the Dorr 
agitators. These are divided into two continuous circuits, one of six, 
the other of seven tanks. Cyanide is added at the head of the 
agitating circuit (the starting strength of the solution in the agitators 
is maintained at 0.125 per cent potassium cyanide). The lime is 
added throughout the circuit, so that the strength at the end of the 
treatment is 0.04 per cent. Cyanide consumption is 3.34 pounds 
and that of lime 16.2 pounds per ton of ore treated. The time of 
treatment is about 53 hours. The two end agitators are used as 
storage tanks for the Butters filters. The filters have 156 standard 
leaves, 10.5 by 5.5 feet. The cycle is of 100 minutes’ duration, of 
which time 17 minutes is devoted to cake formation, 34 minutes to 
barren solution wash, 24 minutes to w^ater wash, and 25 minutes to 
discharging and filling. The water w^ash is made up of treated 
solution, from which the cyanide has been removed in the cyanide 
recovery plant. The cake after discharging is sent to pulp storage 
and then to the tailings dam. 

559. Sand Leaching. The sand plant handles about 17 per cent 

of the total tonnage on the charge system. Each tank, 15 by 60 feet, 
has a capacity of 1815 dry tons of sand and is filled in 3 to 6 days. 
After draining, the tank is filled with a solution containing 0.25 per 
cent potassium cyanide and 0.05 per cent lime and leached for 5 
days. The charge is then drained and w'ashed, first with a solution 
containing 0.075 per cent potassium cyanide and finally with 660 
tons of wash water. After draining, the sands are discharged (14 
per cent moisture) and are sent, along with the filter press slimes, 
to the tailings pond. ’ 

560. Precipitation. Part of the thickener overflow and all the 
solutions from the treatment of the ore, with the exception of the 
weak and some of the barren washes, are clarified and sent to the 
precipitation plant. This solution (about 7000 tons daily) passes 
through a Merrill-Crowe vacuum system. The cake is dried and 
melted, yielding a bullion assaying 850 to 920 ounces per ton in silver 
and 4 to 6 ounces of gold. Cyanide recovery (not shown in the 
flow sheet) is effected by treating the barren solution with sulfur 

loxide gas obtained by roasting pyrite concentrates. During a 
normal month 75,000 tons of solution containing 0.054 per cent of 
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free cyanide and 0.073 total cyanide, are treated, yielding a final 
solution containing only 0.006 per cent potassium cyanide, 

SUGGESTED REFERENCES 

For references to this subject, consult the texts given in the bibliography at 
the end of Chapter 13 (Gold). 
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TIN 

661. History. Tin was well known to the early metallurgists be¬ 
cause of its effect on copper, and it is very likely that bronze was 
first produced by the accidental mixing of copper and tin ores in 
smelting. It is only logical that early experimenters should investi¬ 
gate the nature of this new kind of copper and discover tin. Cer¬ 
tainly as early as 1500 b.c. the Venetians were obtaining tin from 
Cornwall to supply the demands for the attractive alloy, bronze. 
All evidence points towards the production of tin over a long period 
in human history, although it is only in the modern industrial age 
that a great increase in demand for this metal has been experi¬ 
enced. It is certain that the Romans were confused about tin 
for they referred to it as plumbum album to distinguish it from 
plumbum nigrum—lead. Even at the beginning of the nineteenth 
century only about 10,000 tons of tin per year were needed to meet 
the demands of industry, but since 1910, with the new demand 
for bearing metals, tin cans, solders, and collapsible tubes, the in¬ 
crease has been very great, until at the present time the world con¬ 
sumes over 200,000 tons of this metal per annum. 

B62. Economics and Statistics. The United States has always 
been dependent upon foreign sources for its supply of tin, obtain¬ 
ing new rnetal from the Malay Peninsula, the Netherlands East 
Indies, and other Far Eastern sources which, as indicated in Table 

(Lr* r. •’* concentrates 

(ore) from Bolivia and the Belgian Congo 

Daring the period 1939-1941 every effort was made to build up 

tat” r- “ impossible. War in the 

Far East closmg this source of tin, the Government took charge 

ei! ■ ““'S I " S‘o‘cs, and afloat and 

effective December 17, 1941, specific allocation M tin waT taken 

ceiHng mict S cenf™^“'“““ ^ith this action a 

for the rlatodtr octablished which continued 
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per pound. Tin had not been released from allocation up to Febru¬ 
ary, 1946, because little East Indian tin was available on the cessa¬ 
tion of hostilities. Every effort was made by the Government to 
reduce the consumption of tin, with the result that even under wartime 
acceleration this consumption dropped to 40,000 tons of primary 
tin in 1943 as compared with a normal of 60,000. Work was at 
once started on a domestic tin smelter. (See Article 573.) 

TABLE 93 


World’s Tin Production by Countries * 
(Long Tons) 



1910 

1918 

1921 

1929 

1932 

1939 

1944 

Bolivia 

18,225 

29,280 

17,698 

46,338 

20,583 

27,215 

39,341 

China 

4,500 

8,680 

8,298 

6,507 

6,800 

10,859 

t 

Malaya 

56,725 

39,608 

36,244 

69,369 

28,394 

55,950 

t 

Dutch East Indies 

14,250 

20,447 

21,658 

34,952 

14,901 

31,281 

t 

Siam 

2,300 

9,154 

5,420 

9,940 

9,261 

16,998 

t 

Total 

104,073 

124,451 

99,728 

190,613 

93,987 

182,616 

t 

(World’s) 









{Rejxnnted by permission of McGraw-Hill Book Co.) 

* The Mineral Industry, McGraw-Hill Book Co. 
f Not obtainable 

The postwar outlook for domestic tin smelting is most uncertain, 
depending wholly upon international relationships which are at this 
writing unpredictable. Certainly tin smelting in this country can¬ 
not continue in open competition with British and Dutch produc¬ 
tion, as it existed before the war. Owning alluvial mines, better 
grades of ore, and smelting plants they can again assume control 
of this industry. Lode tin (Bolivia, our only source of supply has 
only this kind of ore) cannot compete in cost with alluvial tin or 
equal it in grade or smelting efficiency. That the international tin 
cartel intends to capitalize its advantages to the utmost is made 

clear from their announced plans. _ . . + 

An important aspect of the international situation is the interest 

taken by the United States in supporting the economy of Bolivia, 
which is largely dependent on tin and, in normal times, is our only 
source of tin ore. Should our Government subsidize our tin smelter 
and do everything to promote good neighborly relations with Bolivia, 
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or would international accord among this country, England, and 
Holland on some mutually helpful basis be a better way out of our 
difficulty? 

In the Tariff Act of 1930 tin ore was placed on the free list. A 
provision was made, however, that, when to the satisfaction of the 
President the mines of the United States were producing more than 
1500 tons of ore and bar, block, and pig tin per year, he should pro¬ 
claim duties of 4 cents per pound on ore and 6 cents per pound on 
bar, block, pig, or grain tin. Chemical compounds are dutiable at 
the rate of 25 per cent ad valorem. 

663. Properties of the Metal. 


Atomic weight 

Specific gravity 15°C 

Melting point 
Boiling point 

Coefficient of expansion (linear) 
Specific resistance 20®C 

Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 


118.70 
7.2984 
231.9“C 
2260“C 
16 X 10-« 

11.5 microhms 
0.1528 cal/sq cm/cm/®C/sec 
1.8 

14.32 cal/gram 
0.055 cal/gram/®C 


664. Marketing and Prices. The form in which tin is marketed 
varies according to the use to which it will be put. In the form of 
ingots, it may weigh 7 to 100 pounds, whereas block tin, which is 
used largely in the manufacture of tin plate, is cast in large blocks 
weighing 350 to 400 pounds. The price of tin, as indicated in Table 


TABLE 94 


Peices op Tin 
(In New York) 



Cents per 


Cents per 


Pound 


Pound 

1910 

34.123 

1932 

22.017 

1918 

88.750 

1939 

50.323 

1921 

29.916 

1944 

52.00* 

1929 

45.155 

• • • • 


Highest^l.lO, May, 1918. 

Lowest—$0.1263, June, 1896. 

• Fixed by the Office of Production Management. 


vanes between wide extremes caused, more than anythine 
speculation on the part of the English operators. Stocks in 


else, 
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United States range from 1500 to 6000 tons. The principal markets 
are in London and New York. 

565. Uses. The relative consumption of tin in the various indus¬ 
tries is shown in Table 95. More than 50 per cent of the total 

TABLE 95 


Consumption of Tin in Manufacture 



Long Tons 

Per Cent of Total 


1938 

1944 

1938 

1944 

Tin plate 

61,000 

25,000 

37.4 

27.8 

Solder 

31,000 

13,600 

19.1 

15.1 

Babbitt 

15,000 

8,800 

9.2 

9.7 

Bronze 

11,000 

33,100 

6.7 

36.8 

Foil 

5,500 

300 

3.4 

0.3 

Collapsible tubes 

11,600 

500 

7.1 

0.6 

Chemicals 

5,200 

300 

3.2 

0.3 

Miscellaneous 

22,700 

8,400 

13.9 

9.4 

Total 

163,000 

90,000 

100.0 

100.0 


amount of tin consumed is in the form of pure metal or tin contain¬ 
ing a relatively small percentage of other metals. This can be 
attributed to the fact that tin has a number of properties which 
m^ke it of great value to industry. It is a metal of pleasing appear¬ 
ance, not far removed from the color and luster of silver, and it 
retains this natural brightness to a very marked degree when in 
contact with the atmosphere. Although a tarnish film is actually 
formed, it is so transparent that the diminution in luster caused 
by its presence is not very serious; furthermore, this film can easily 
be removed by light polishing. Even in outdoor atmospheres it re¬ 
sists corrosive attacks remarkably well. Its greatest value, per¬ 
haps, lies in the fact that it is highly resistant to the attacks of 
organic acids. As a matter of fact, it resists stronger inorganic acids 
somewhat because of its high hydrogen overvoltage, particularly 
in the absence of oxygen. The first property referred to makes the 
metal of great value in the form of tin plate for the packing and 
preservation of all foods as well as in the form of foil and col¬ 
lapsible tubing. It is noteworthy that the early Romans coated 
copper and bronze vessels with tin to render such vessels more suit¬ 
able for containers of food and drink. Tin, as a coating medium, 
also has extensive application in the dairy, brewing, paper, and 
confectionery industries. 
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The alloys with copper are of great industrial importance because 
their physical properties are such that they can be produced in a 
great variety of forms, such as castings, rods, tubes, wires, and 
strips. Various departures from this binary bronze are made by the 
addition of small amounts of phosphorus, zinc, or nickel. Another 
large use is in the form of an alloy with antimony and lead, although 
small amounts of other elements, such as copper, may be added to 
bring out certain particular properties. 

In the canning industry, the plumbing trade, and the electrical 
industry, large amounts of solders are used for obtaining a satis¬ 
factory adhesion between articles made of tin plate, bronze, copper, 
or zinc. Although the chief application is in the form of a lead-tin 
alloy, other elements such as antimony, or copper are sometimes 
added to develop special properties. 

Finally, because of its excellent casting characteristics, alloys with 
antimony find application in the printing industry in the shape of 

type metal as well as in cast toys, in small ornaments, and in pewter- 
ware. 


Table 95 also shows how World War II affected the pattern of 
our consumption. Notable economies were effected in tin plate 
solder, and babbitt, and such civilian uses as foil and tubes were 
almost eliminated. 

Alloys The leading classes of tin alloys, as indicated in 
table 96, are the bronzes with tin, the babbitts with tin, copper and 
antimony, and the solders with lead. ’ 


TABLE 96 

Compositions of Tin Base Alloys 



Per Cent 


Sn 

Cu 

Sb 

Pb 

Zn 

Bronze 

Coinage bronze 

Babbitt 

Hard babbitt 

Pewter 

Solder (tinners) 

Tin foil 

Teme plate 

20 

4 

89 

83 

89-74 

67 

88 

18^25 

80 

95 

3.7 

8.4 

0-3.5 

4 

82-75 

7.3 

8.3 
0-7.6 

0.5 

0-20 

33 

7.5 

1 
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567. Ores. The most important ore of tin is the mineral cassiter- 
ite (Sn02), containing, when pure, 78.6 per cent of tin. Most of the 
world’s production comes from the placer deposits of the Dutch East 
Indies, Siam, and the Straits Settlements, but lode deposits are found 
in Bolivia, China, South Africa, and Cornwall. High-grade ores are 
seldom found in any of these localities, but, owing to the high spe¬ 
cific gravity of cassiterite (6.8 to 7.1), the ore yields readily to 
concentration by water gravity methods. 

The standard concentrate^ shipped from the Malay States and 
adjacent territories contains 75 per cent tin although Thailand ships 
some containing 72.5 per cent. The remainder of the ore is chiefly 
gangue, which does not interfere greatly with the smelting process. 
The concentrates from Bolivia are not only low grade (ranging 
from 18 to 60 per cent tin) but they also contain relatively large 
amounts of lead, copper, antimony, arsenic, bismuth, zinc, sulfur, 
and iron, which makes the reduction and refining of the metal diffi¬ 
cult and expensive. The average of all grades received in this coun¬ 
try in 1944 was 38 to 40 per cent tin. By January, 1947, it was 
evident, that, unless we could obtain East Indian concentrates with¬ 
out discriminatory duties, we would labor under a great disadvantage 
in competing in the world market. 

THE SMELTING OF TIN ORES AND CONCENTRATES 

668 . Preparing the Ore for Smelting. Many impurities, in the 
form of compounds of lead, bismuth, antimony, zinc, copper, and 
iron arc often associated with the cassiterite, usually in the form of 
sulfides. Since these may interfere with the reduction, or contami¬ 
nate the metal, it is frequently necessary to remove a part, or all, of 
them before the smelting operation. Whereas water gravity concen¬ 
tration serves to remove the gangue, the other metal sulfides are so 
close to cassiterite in specific gravity that it is ordinarily not pos¬ 
sible to effect their removal. The smelting of tin ores embraces 
three distinct steps: (1) primary smelting of the ore, (2) retreatmen 
of the first run slags, and (3) refining of the metallic tin. 

Roasting (at 550° to 650°C) removes most of the sulfur, most ot 
the arsenic, and some of the antimony by converting the associated 
metals into oxides. The sulfides of iron, copper, bismuth, and me 
are likewise oxidized and may be removed by leaching with dilute 

1 Also rofciTod to aa "tin stone,” "washed tin,” "tin sand,” "black tm.” and 
"barilla.” 
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acid. Lead, bismuth, antimony, and silver may be removed by a 
chloridizing roast, followed by leaching with dilute acids. In recent 
years improvements in differential flotation have made possible a 
more nearly complete removal of these sulfides in the concentration 
process. 


569. Smelting in Blast Furnaces. In view of the high slag losses 
and the many difiiculties encountered in the smelting of tin ores, it is 
fortunate that the operator does receive his raw material in the form 
of the oxide rather than of the sulfide or other complex compounds. 
Furthermore, an excessively high temperature is not required in 
smelting because tin oxide is readily reduced by carbonaceous mate¬ 
rial at a fairly low temperature. Historical records indicate that 


tin was first reduced by smelting the cassiterite in small, crude, 
hand-operated shaft furnaces. As a matter of fact, these small 
units are still found in use in China and the Far East. When blast 
furnace smelting is carried out, steel, water-jacketed furnaces simi¬ 
lar to those used in smelting lead ores are used. With the excep¬ 
tion of a fairly low shaft and blast pressures, the charging and 
operation of these tin furnaces are not unlike similar operations 
carried out in conventional smelting practice in lead blast furnaces. 
The principal difference is in the nature of the slag formed. Whereas 
the process is not complicated by the formation of a matte or speiss, 
and the tin oxide is readily reduced to a metal, it so happens that 
the tin oxide combines readily with silica to form silicates of tin 
with the result that the slags made in blast furnace smelting are 
usually rich, frequently containing 10 to 25 per cent of tin. On the 
other hand, if an extremely basic slag is used, the tin, being ampho¬ 
teric, acts as an acid and enters the slag to about the same extent. 
The slag and metallic tin are usually collected in a brick-lined set¬ 
tler or forehearth, where a separation takes place similar to that 
e ween matte and slag in copper smelting. At intervals this re- 

or cat teatoent, 

or cast into pigs or slabs for market. 

Furnaces. The tendency to- 
day, in tin smelting, is toward the wider use of reverberatory tur- 

Stm * t r " metal but also for the 

P ble, not only because slags* containing less tin may be pro- 
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duced but also because the loss through the formation of flue dust 
is also reduced. 

The reverberatory furnaces used are usually fired with solid fuel 
and have a hearth about 30 feet long and 12 feet wide. These fur¬ 
naces can treat 8 to 12 tons of charge consisting of tin concen¬ 
trates mixed with 15 to 20 per cent of anthracite screenings and the 
requisite amounts of sand, limestone, slag, and by-products necessary 
to produce a slag of the required composition. The process, entirely 
a batch one, is carried on at temperatures of 1200° to 1300°C and 
ordinarily consumes 10 to 12 hours. In the course of the first smelt¬ 
ing a fairly large amount of tin is allowed to enter the slag because 
it is advisable to produce as pure a metal as possible in the flrst 
operation and then retreat this slag for recovery of a part of the 
tin. The first slag is allowed to cool, crushed to about % inch, and 
stored until enough of it has accumulated to render a slag retreat¬ 
ment run advisable. The molten metallic tin is tapped from the 
bottom of the settler, cast into pigs weighing about 75 pounds for 
market, or sent on to the refinery for further treatment in case speci¬ 
fications require this refining operation. 

The slag produced in the initial smelting operation ordinarily con¬ 
tains 10 to 25 per cent of tin, and as such cannot be discarded. The 
retreatment operation is carried out with the main object of recover¬ 
ing as much of the tin as possible from the slag, even at the sacrifice 
of producing a rather impure metal. Removal of the tin is effected 
by carrying on the smelting at a considerably higher temperature 
than before and by using larger amounts of reducing material in 
the form of anthracite screenings as well as more limestone and scrap 
iron to decompose the tin silicate. The metallic tin thus produced 
is usually very impure, contains a large amount of iron, and is known 
as “hard head.” In general, the removal of tin from these first-run 
slags and by-products is one of the most difficult operations which 
the tin metallurgist encounters. It requires great care and expert 
control unless the second-run slags are, themselves, to be undu y 
high in tin. Under the best conditions the slags resulting from 
this smelting should contain not more than 1 per cent of tin, al¬ 
though frequently they do contain as much as 3 per cent. The slag 
smelting operation, carried on as a batch process, normally requires 
16 to 18 hours. The reduced metal is sent on for refining, and the 
slag is thrown away. Straits practice, as it existed just before 
World War II, is shown in Figure 82. 
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treatment than others. The matter of the purity of tin has become 
of great consequence because tin has been no exception to the gen¬ 
eral rule of being obliged to meet customers’ specifications of in¬ 
creasing rigidity. The requirements in tin plate, solders, and bear¬ 
ing metals are such that, each year, tin with smaller amounts of 
impurities is being demanded. 

Most of the primary tin obtained from the reduction of concen¬ 
trates or slags must be refined before it can be marketed. The na¬ 
ture and extent of this refining operation will naturally depend upon 
the kind of impurities present, which in turn depend upon the com¬ 
position of the original ores. Two methods are in common use, one 
involving an oxidizing fusion and liquation, the other electrolytic 
deposition. 

The pyromctric method may consist of one, or both, of two opera¬ 
tions: the first, liquating or sweating; the second, boiling, tossing, 
or poling. In liquating, a comparatively small reverberatory fur¬ 
nace is used in which the hearth usually slopes from one side toward 
a large door or tap hole at the other. Just outside the furnace, oppo¬ 
site this tap hole, are cast iron kettles to receive the molten tin. The 
object of liquation is to remove from the tin all impurities having 
melting points ai)prcciably higher, and specific gravities lower, than 
tin. Slabs or bars of tin are placed on this hearth, the teinpeiature 
is raised very slowly to just above the melting point of the metal so 
that melting is slow, and, as the metal melts, the clean tin may run 
from the furnace into one of the outside kettles, leaving the solid 
residue on the hearth. Finally, after all the pure metal that it 
is possible to remove has been recovered, the dross remaining m 
the furnace is melted by raising the tcmperahire still higher; and 
this second tin is run into another kettle outside the furnace ® 
cast into pigs or slabs for retreatment with the next charge. Al¬ 
though many of the impurities are removed in this process, some o 
them, particularly those having comparatively low melting points, 
are sweated out with the first sweat metal. Most of the iron is 
removed in the liquating furnace as a dross, but a small amount 
goes into the sweated tin. Most of the lead and bismuth also enters 
the tin, whereas much of the arsenic, antimony, and copper remains 


with the dross. _ . u •« 

If the first sweat-tin obtained is not of sufficient purity, other ii - 

purities may be removed by boiling or tossing. In this operation a 
kettle holding 0 to 10 tons of the metal is heated to 
considerably above the molting point of the tin, and the boiling 
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operation is carried on by stirring the molten metal with a pole of 
green wood or by immersing bundles of green wood sticks held to¬ 
gether by iron bands. The operation is not unlike the one practiced 
in the refining of copper in that the green wood undergoes destruc¬ 
tive distillation and the steam and gases, thus given off, produce a 
strong boiling or bubbling action in the bath. As the metal is 
brought in contact with the air, some of the metal impurities, as 
well as a part of the tin, are oxidized. The oxide drosses collect on 
the surface and may be skimmed off from time to time and re¬ 
sweated or sent back to one of the original furnaces for resmelting. 
Tossing, another operation, consists of filling hand ladles with the 
molten tin and pouring the molten metal back into the kettle, thus 
exposing it to the oxidizing action of the air. By either, or both, 
of these operations the iron is almost completely removed and other 
impurities, particularly arsenic and antimony, are greatly reduced in 
amount. Typical analyses of pig tin are given in Table 97. 


TABLE 97 

Compositions of Pig Tin 



Per Cent 

Sn 

Sb 

As 

Pb 

Bi 

Cu 

Fe 

Ag 

s 

American electrolytic 

Banca 

Penang 

Singapore 

Williams and Harvey No. 1 
Longhorn A Grade * 

99.928 

99.950 

99.939 

99.870 

99.860 

99.768 

0.002 

0.007 

tr 

0.008 

0.015 

0.040 

0.002 

nil 

0.013 

0.045 

0.040 

0.050 

nil 

tr 

tr 

0.034 

0.004 

0.050 

0.042 

nil 

nil 

0.003 

0.005 

0.015 

0.026 

0.018 

0.016 

0.052 

0.047 

0.040 

tr 

0.045 

0.028 

0.003 

0.003 

0.015 

nil 

nil 

0.006 

nil 

0.001 

tr 

0.004 

0.005 

0.006 

0.010 



years after, in an effort to develop a domestic industry, and render 
ths countiy independent of foreign sources, a determin'^d effort was 

from MM “ obtained 

mL !. ™ “cessary to refine the reduced 

metal, consequently, an electrolytic process was devised by the 

American Smelting and Refining Company. In general, the tanks 

systcmTcrne"”'/"^ in the multipk 

system of copper refining, but the electrolytes were very different. 
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Many different types of electrolytes were tried, but one type con¬ 
taining about 15 per cent of fluosilicic acid, 0.1 per cent of sulfuric 
acid, and 4 per cent of stannous tin was found to give adherent, 
crystalline deposits of the metal. The fluosilicic acid was used to 
prevent the formation of basic salts of tin, but still later it was 
found that this reagent could be replaced by more efficient, cheaper 
substitutes in the form of sulfonic acid of some aromatic hydro¬ 
carbon such as benzol, phenol, or toluene. The composition finally 
arrived at was about 8 per cent of sulfuric acid, 4 per cent of cresol- 
phenol sulfonic acid, and 3 per cent of stannous tin. It was also 
found advisable to use small amounts of addition agents such as 
glue or cresylic acid to improve the physical character of the de¬ 
posited metal. 

Operating conditions must be held within much narrower limits 
than in copper refining. The temperature of the electrolyte in par¬ 
ticular is an important factor in obtaining uniform anode corrosion 
and high recovery of the slimes. Apparently the most desirable 
operating temperature is 35°C with a current density of 10 amperes 
per square foot, and a potential drop of 0.35 volt per tank. With 
anodes containing 95 per cent of tin, the corrosion time is 21 days, 
during which time three crops of cathodes are recovered. The elec¬ 
trolytic tin produced analyzes better than 99.98 per cent tin, as 
shown in Table 97. 

The slimes for the most part remain on the anodes and contain 
about 0.12 ounce per ton of gold, 130 ounces per ton of silver, 20 per 
cent of lead, 5 per cent of copper, 3 per cent of arsenic, 5 per cent of 
antimony, 20 per cent of bismuth, and 30 per cent of tin. These 
slimes arc then treated by fusion in a cupellation furnace, under 
oxidizing conditions, with a flux of sodium hydroxideTor sodmm 
carbonate to effect the removal of tin, arsenic, and antimony. The 
slag obtained in this operation containing the arsenic, antimony, and 
some tin may be sent back for resmclting and the resultant metal, 
as well as the dore bullion, shipped to the electrolytic lead refinery 

for the recovery of the bismuth. * , j + 

In still another method, the slimes are reduced to metal and cast 
into anodes, which are electrolyzed in a diaphragm cell using a hydro¬ 
chloric acid electrolyte. The gold, silver, lead, and arsenic do not 
dissolve, but 35 per cent of the copper, 45 per cent of the antimony, 
90 per cent of the tin, and 90 per cent of the bismuth go into solu¬ 
tion Electrolysis is stopped when the anolyte becomes satura e 
with these; metallic salts and the bismuth are recovered by cemen- 
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tation on impure tin, are refined by fusion with soda and sulfur, and 
sent to a lead refinery for further electrolyic refining. 


THE LONGHORN SMELTER 


573. General. Much of the East Indian tin concentrates have been 
smelted in the past in plants designed and operated by the Dutch 
in the East Indies, as well as in Holland. One reduction plant oper¬ 
ated in the United States during World War I, but as soon as the 
war was over competitive conditions and discriminatory export du¬ 
ties on ores made it impossible to operate. A domestic tin smelter 
was planned as a part of the Metals Reserve Company’s stockpiling 
program and, because of the success of the Billiton Company, a 
large Dutch operator, this group was invited to design and operate 
the new plant as part of our defense program. An agreement was 
reached in February, 1941, and the Tin Processing Company was 
organized to begin work at once on the smelter, based on the flow 
sheet shown in Figures 83 and 84. Actual building of the plant, now 
known as the Longhorn smelter, started in October, 1941, and the 
first tin ingots were poured on April 5, 1942. 

Three factors made Texas, where the smelter was located, the 
logical site, first, the abundance of hydrochloric acid, a waste prod¬ 
uct of certain near-by plants; second, the abundance of natural gas 
of which the smelter uses about a million cubic feet per day; and 
third, the shorter and safer route between a Texas site and the 
Bolivian sources of ore (obviously all the East Indian sources were 
cut off by the Japanese). Hydrochloric acid is used in leaching 
impurities out of the low-grade ores, which means practically every¬ 
thing this smelter handles, and natural gas is the fuel burned in the 
kilns and furnaces. 


574. Preparation. Concentrates are received from Bolivia in 110- 
poun^d sacks which are either stored in piles or immediately opened 
crushed, and sarnpled. The ores on the bases of contained impuri¬ 
ties are divided into three classes. Class A contains 50 to 60 per 
cent tin and IS relatively low in antimony, iron, and silica. Class B 

oX impurities. Class C ore with 

y o 35 per cent tin is very high in impurities. The three 

thl 1 M ■■'ducmg conditions to reduce the impurities to 

the soluble oxide form, and the calcines leached with hot hydrl 

uSr A “d arsenic as 

ondes. A small portion of these elements is also eliminated in the 
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kiln gases. The leach residues then are smelted in two steps in 
reverberatory furnaces, and the reduced tin is further purified in 
poling or drossing kettles. Class C ores are also roasted and 
leached, but because of the excessive amount of silica they contain, 
these residues are concentrated before they are sent to the rever¬ 
beratory furnaces to eliminate as much of this silica as possible. 


I 

Calcjnes 
Ball digesters 
Nutsch filters 


High-grade Low-grade 

residue residue 


Bolivian concentrates 
Crushing and sampling 

I 

Stock piles 


Rotary kilns 


Rotary dryers Concentrator 


Filt|ata 
to waste 


Concentrate Slime Sand 

tailing tailing 

t i 

to waste 


Buell Cyclones 


Gas 

Cottrell treaters 


Dust 


Ga 

1 

to sii 


Gas 

ack 


Dust 


special traatment 


Smelting plant 

Fia. 83. Ore Preparation. The Longhorn Smelter. 


Each batch of ore presents a separate problem so that each lot, 
after crushing and analysis, must be mixed with the proper pro¬ 
portions of salt, petroleum coke, sulfur, and other materials to yield 
the highest recovery. Seven rotary kilns, each 46 feet long and 4 
feet in diameter, are used to calcine the ore at temperatures of 
600® to 700°C. To prevent reoxidation the calcines are cooled be¬ 
fore being discharged at 100®C. Dust loss is high, and great care 
must be taken to recover the dust in cyclones and a Cottrell plant. 
Those products are kept separate because they differ with the grades 
of ore being treated. Calcines are kept in batches and stored in 
bins for treatment, which also varies with their character. 
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675. Leaching. This is carried out, in batches, in ball digesters 
which take the form of a steel sphere, 10 feet in inside diameter, 
mounted on hollow trunnions and lined with rubber and two layers 
of acidproof brick. They are charged with about 10 tons of calcine 
and 18° ^ Baume hydrochloric acid, the quantity depending upon 
the amount of iron in the ealcine, and treated for 6 to 8 hours at a 
steam pressure of 28 pounds per square inch. Total acid consump¬ 
tion amounts to 100 tons per day; hence the importance of this fac¬ 
tor in determining plant location. After the digester is stojqx-d the 
contents are allowed to settle and the liquor decanted off and 
dumped into a Nutsch filter built just under each digester. It con¬ 
sists of a 10-foot square bed of filter tile and diatomaceous earth 
built on a checkerwork of acidproof brick. A vacuum of about 20 
inches of mercury is applied to the filter and the cake washed sev¬ 
eral times. The acid (less than 1 per cent HCl) filtrate is being 
neutralized with lime and discarded, but there is a possibility of 
retreating it for the contained metals if market conditions warrant. 

This leaching step is one of the most important in the process 
because it is essentially the last opportunity to remove impurities 
other than iron. If the leaching has not been done well, and the 
residues are allowed to enter the reverberatories, the tin made from 
this material will be too high in antimony and must be purified 
again at a sacrifice of recovery or be mi.xed with high-purity tin 
to meet less rigid specifications. The filter cake is then sent to 
rotary driers to permit better mixing of the furnace charge as well 
as to prevent explosions in the reverberatories. If, on the other 
hand, the residues consist of the lowest grade, high silica, material 

they are sent to the gravity concentration plant for further treat¬ 
ment. 


676. Concentration. Attempts were made originally to treat the 
low-grade material directly in this plant, but it was found to be 
much more profitable to roast and leach it first, because a much 
higher grade concentrate can be made once the iron has been re- 
moved In this concentrator (capacity 100 tons per day) the residues 
are first deshmed at 325 mesh so that sands and slimes may receive 
separate treatments. The flow sheet is rather complicated and must 
be vaned constantly to meet new ore conditions. Briefly it is as 
follows: Material coarser than 1 millimeter is ground in a rod mill- 
e resultant minus 1 millimeter screened and classified. The 
1 Contains 29 per cent HCl. 
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coarsest sizes are jigged, the finer tabled. Tailings carrying less 
than 3 per cent tin are discarded; those carrying more, together 
with the middlings, are recirculated over the tables. The minus 32.5- 
mesh slimes are also tabled, but the tailings frequently carry 5 to 
10 per cent tin and must be sent on to secondary smelting. 

By means of this roasting, leaching, and concentration a concen¬ 
trate containing 60 to 70 per cent tin is produced from low-grade mate¬ 
rial. For example, one containing 24 per cent tin, 20 per cent iron as 
limonite, and 20 to 30 per cent silica will be concentrated by roast¬ 
ing and leaching to about 40 per cent tin with only 4 per cent iron. 
Gravity concentration then brings this up to 60 to 70 per cent tin. 
Before such material is sent on to smelting it is analyzed and, if 
sufficient impurities have not been removed, it is sent back for re¬ 


treatment. 

577. Reduction. Primary feed to the reverberatories consists of 
the residues of the roasting and leaching plants and the concentrates 
and is smelted in two stages. In the first stage, only sufficient re¬ 
ducing agent is added to reduce most of the tin, leaving the iron and 
the remainder of the tin in the slag (15 to 25 per cent tin). In the 
second, the slag is resmelted with more reducing agent to bring down 
“hard head” and to form a slag low enough in tin to be discarded 
(about 1 per cent tin). This hard head is granulated, returned to the 
primary smelting stage, where the tin is recovered, and the iron acts 
as a reducing agent for the original charge. (See Figure 84.) 

As the primary, ore-smelting, stage begins, the melt is basic, but 
as more tin is reduced, the slag gradually becomes acidic. The final 
slag to be discarded is glassy and siliceous. Because of this change 
in smelting conditions neutral refractories must be used m fur¬ 
nace construction. The densest grade of alumina brick has been 
most satisfactory, but, at best, only about 6 months’ service is ob¬ 
tained. The furnaces are rectangular, the inside dimensions being 
12 feet wide, 40 feet long, and 3 feet high, with a charge depth of 2 
feet. A tap hole is provided in the center of one side. The capacity 
is about 30 tons of charge, which is treated in batches at a tempera¬ 
ture of 1250°C for primary and 1550°C for secondary ma eria . 
Furnace dust is recovered in Cottrell treaters. The ore for primary 
smelting is mixed with lime, coke, granulated hard head, and flue 
dust in the proper proportions. As smelUng progresses “ 
on the surface of the charge and the whole mass sp.ts and bubbles 

as the reducing gases work up through it. ! 

ouired for primary smelting, but the reaction is judged to be com 
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plete only when foaming has ceased and a paddle can be pushed 
across the furnace bottom without encountering any undecomj)o.sed 
material. The entire charge is then drained from tlic furnace. Slag 
smelting is conducted similarly but 16 to 18 hours are ref|uircd. As 
the charge drains from the furnace it is caught in a forehearth to 
separate the tin from the slag. 


Leach residues and gravity concentrates 


Charge bins 


Weighing and batching truca 

I 

Mijcer 

Reverberatcjry furnaces 


Primary slag 


Hardhead 
_I 


Granulating pool 


Secondary slag 

I 

to waste 


Tin 


n 


Gas 


Grossing kettles 


Tin 

Casting car 
Ingots 


1 


Drjjss 

Saiger furnace 


Cottrell Plant 


Dry dross 


Metal 

L 


Gas 

I 

Stack 


Fu 


Fig. 84. The Furnace Plant. The Longhorn Smelter. 

578. Refining. The metallic tin produced in tl.e primary stage 
nth * gteater part of the impurities present in the charge 

C her than tron because lead, copper, antimony, etc., arc reduced 

tons^crpacity!^ ^The^'^*""'^ **■ kettles of 50 

, , in IS maintained at a temperature of 4C)0°C 

and drossed w.th a Jet of steam. The dross, which contains mo“ of 
iron IS removed, liquated, and smelted to impure tin and drv 
dross, which are returned to the primary furnaces Wh ' i- ^ 
and analysis indicate that specifications have been met thlTet"! 
ts cast mto pigs of 80 pounds weight for marker tTo' grades arc 
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usually produced. The three-star grade (about 80 per cent of the 
production) contains 99.8 per cent tin and meets United States 
Government specifications; the two-star grade is common tin. 

Recapitulating, we find that three factors stand out as desiderata 
for efficient operation: first, the elimination of the iron and other 
impurities by roasting and leaching; second, constant control by 
sampling and analysis to be sure that these impurities have been 
eliminated and that nothing is discarded until its tin content has 
been lowered to a set minimum; and, third, adequate and thorough 
dust removal and control to prevent tin losses in dust or by volatili¬ 
zation. The importance of early iron elimination can be seen in 
considering the flow sheet, for it is evident that iron leaves the plant 
in large quantities only in the leach liquor. If this is not done ade¬ 
quately, a large circulating load will be built up. To insure re¬ 
moval, it is essential that the iron be present as ferrous oxide; hence 
the importance of the roasting step. 

679. The Future of Domestic Tin Smelting. The production of 
the Longhorn smelter since smelting operations started in April, 1942, 
has been as follows: 

Long Tons 



Total 

Monthly Average 

1942 (April-December) 

15,695 

1,733 

1943 

20,727 

1,727 

1944 

30,619 

2,551 

1945 (January-July) 

23,494 

3,356 


Although five grades of tin have been produced in the past, in Janu¬ 
ary, 1947, 80 per cent of the production was Three Star or Grade A 
(99.80 per cent tin) and the remainder Grade F (less than 99 per cent 
tin). The above rate of production will, of course, fall far short of 


meeting our needs in normal times. . • j 

The postwar status of this smelter has been the subject of spirited 
debate. The principal arguments for its continued existence are 
strategic importance, as a segment of State Department’s (Good 
Neighbor) policy, national security, and the recovery of public in¬ 
vestment (about 17,000,000 is involved). On the other hand, there 
are many arguments against its retention. Military security may be 
secured most simply by stockpiling the metal. If it should again be 
requisite to construct a plant, it has been demonstrated that it could 
be done in a matter of months. The technique of ore reduction need 
not be lost, and a moderate stockpile would carry us over such a con¬ 
struction and development period. It is likely that the overall cost 
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of such an expedient would be less than attempting to operate the 
present smelter for years in the face of foreign competition. Under 
the concept of the Inter-American support policy, it is expected that 
Bolivia would continue to furnish us with a part of its production of 
concentrates, although this would probably involve the payment of 
a premium above market price. Since this material is inferior in 
grade to East Indian and more difficult to smelt, the total cost of the 
tin would be greater. No matter how the difference might be covered, 
it would be a levy on the taxpayer or consumer in the end. For 
two or three years longer, or until the Far Eastern production is 
available, operation of the Longhorn smelter is reasonably certain. 
Thereafter, in the absence of political control of ore sources, the 
future is unpredictable. 


SECONDARY TIN 

580. General. Producing little primary tin, up to World War II, 
we have always regarded the recovery of secondary tin as a very 
important domestic problem. The raw materials from which tin 
may be recovered are the drosses and slags produced in the tinning 
operation and from tin plate scrap (both old and new). Whereas 
slags and drosses may be treated by processes not unlike those used 
in the recovery of tin from natural ores, special ones must be de¬ 
veloped for tin plate scrap. Early in World War II, it was estimated 
that a maximum of 12,000 tons of tin might be recovered from the 
more than 2 million tons of tin plate used in the manufacture of con¬ 
tainers. This material averages about 1.3 per cent tin. 

The problem is not entirely chemical or metallurgical because 
other factors enter into its solution. First, the detinned scrap must 
be disposed of, and one of the logical outlets is the open hearth 
process for the manufacture of steel. Not only must the tin content 
be reduced below 0.05 per cent but the scrap must not contain too 
much rust as delivered to the steel mills. Second, one of the most 
difficult problems is the economical collection of the used containers. 
Obviously empty tin containers cannot be transported long distances 
because of their bulk in relation to their weight, unless they can be 
pthered at central points and tightly pressed into compact units It 
IS not feasible to collect tin cans from small communities or rural 
areas but only in large municipalities having some form of organized 
collection of domestic refuse. Third, it is difficult to get cooperation 
ot the public in preparing such cans properly. The inclusion of un¬ 
due amounts of vegetable or animal matter and paper increases the 
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cost of recovery. Literally hundreds of patents have been granted 
for the recovery of tin, but only three, the alkaline electrolytic, alka¬ 
line chemical, and chlorine process, or modifications of these, have 
been used. 

581. Alkaline Electrolytic Process. This process is carried on in 
a large tank with an electrolyte of sodium hydroxide, tin plate scrap 
(containing about 2 per cent of tin) as the anode, and cathodes of 
steel plate. A tin sponge, which may be removed at intervals, 
washed, and melted, forms on the cathode. The process is far from 
satisfactory, control being difficult because of the absorption of car¬ 
bon dioxide from the air and because of complex salts formed in the 
bath, necessitating frequent regeneration. The detinned material 
contains about 0.1 per cent of tin. 

582, Modified Electrolytic Process. Up to 1930 the method gen¬ 
erally used was the chlorine process because the tin tetrachloride 
(SnCU) thus produced found a ready market in the textile industry. 
With the revolutionary changes that have taken place in textile pro¬ 
duction and fabrication, the use of this agent has been largely aban¬ 
doned so that this market has for practical purposes disappeared. 
Facing these conditions, the operators were confronted with the 
necessity of converting the tin into the metallic form. Essentially 
the process consists of treating the scrap, under controlled conditions 
of temperature and concentration of reagents, in an alkaline bath to 
which a suitable oxidizing agent has been added. It is necessary to 
have preliminary washing with effective detergents in order to re¬ 
move paper, organic scaling materials, lacquers, and the remaining 
contents of the can. The operation is conducted in open reaction 
vessels and the tin removed in the form of a water solution of sodium 
stannite. The liquor goes to a thickener where the caustic soda solu¬ 
tion of sodium stannite, after removal of the lead, is pumped to a 
battery of electrolytic cells in which the tin is deposited on steel 
cathodes. From these the tin is removed by dipping them directly 
into a bath of molten tin. 

683. Alkaline Chemical Process. In this process the scrap is first 
thoroughly cleaned and washed and then heated with alkali and an 
oxidizer, forming a sodium stannatc which may be crystallized out. 
The crystals are centrifuged and washed, dissolved in water, and tin 
is precipitated as the oxide with sodium bicarbonate. This precipi¬ 
tated oxide may then be marketed as such or reduced in a manner 
similar to that employed with the ore in furnaces. 
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584. Chlorine Process. For reasons of simplicity, recovery, and 
the availability of cheap chlorine, this process has become the most 
popular. The washed and cleaned scrap, free of all moisture, or^uinic 
material, and solder, is exposed to the action of chlorine pms^t a 
temperature of about 38°C. Stannic chloride is formed, rcco^■(•red 
as such, and marketed, or reduced to metallic tin. 
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685. History. Tungsten, discovered in 1781 by Scheele,^ is another 
of the metals wliich lay dormant for nearly 100 years before its value 
was recognized, for it was not until the turn of the twentieth century 
that it was used commerciall}'' in any great quantities, in the form 
of high-siK'cd steel. Since that time, new uses have been developed 
for this curious clement, and industrially it is now one of our most 
important ones. 

586. Economics and Statistics. As shown in Table 98, China is, 
and always has been, the world’s leading producer of tungsten ore. 


TABLE 08 


Woiu.d’s Tungsti^n Puoduction by Countries * 
(Motric Toms; (>0 |)or cc-Mt WO 3 coMccin rates) 



into 

1018 

1021 

1020 

1032 

1930 

1944 

Bolivia 

210 

.8,700 

100 

1,030 

080 

2,400 

7,035 

Burma 

t 

4,800 

7.80 

1,400 

2,220 

11,000 

t 

China 

t 

10,200 

3,.800 

0,078 

2,240 

10,000 

8,087 

United Stiites 

1, 8 : 1.8 

4,,'')7;i 

7 

7.83 

3.8t) 

3,000 

0,328 

I’ortii(;al 

04.8 

2.80 

1.80 

700 

275 

3,000 

4,088 

Total 

t 

32,000 

.h.OOO 

10,000 

0,800 

38, OCX) 

t 

(World’s) 





j 




{Urprinlrd In/ prrininsioii of Mrdrain-llill liooh Co.) 
* I'hr Mitirriil ftolii.'ilrij, McOraw-Ilill Book Co. 
f Not availal)le. 


with the Uniiud States a poor second. In China the relatively high- 
grade ore and very cheap labor admit of little competition, whereas 


' In Swoli'ii is found a wliitc' iniiu'ral cidled “iuiiKslen” (heavy stone), 
early iniiK'ridoKisIs (.lionulit it was a tin ore, otla-iH tliougld. it eonlaine 
Helieeh' proveil that it was composed of lime and iunnstic acid. 

400 


d 


Some 

iron. 
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in this country the deposits are erratic and low grade. Most of our 
production comes from California, Colorado, Arizona, and Nevada. 

In the Tariff Act of 1930 tungsten ore and concentrates were duti¬ 
able at 50 cents per pound of contained tungsten; tungsten metal, 
powder, and carbides at 60 cents per pound of contained tungsten 
plus 50 per cent ad valorem; compounds of tungsten at 60 cents per 
pound of contained metal plus 40 per cent ad valorem; and ferro- 
tungsten at 60 cents per pound of contained tungsten plus 25 per cent 
ad valorem. These rates remain unchanged by later legislation. 

Early in 1941 our Government made every effort to increase the 
domestic production of tungsten and to build up a stockpile by the 
importation of foreign ores. Aided by Government engineers many 
new discoveries were made, notably in the Yellow Pine district of 
Idaho. Besides placing the metal under allocation, steps were also 
taken to insure the full use of molybdenum as a substitute for tung¬ 
sten in high-speed steel. Contracts were entered into with Mexican 
and South American producers to insure a supply, and premiums 
were paid to certain domestic producers. With all these precautions 
domestic supplies proved to be inadequate until late in 1944 and only 
served to emphasize the great strategic importance of tungsten 
Supplies were even flown out of China in that year. As a result of 
a of these efforts, by 1945 supplies were such as to permit the lessen¬ 
ing of allocations and the discontinuance of certain premiums for 
marginal producers in this country. 

687. Properties of the Metal. 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 

CoeflBcient of expansion (linear) 
Specific resistance 
Thermal conductivity 
Hardness (Mohs’ scale) 

Heat of fusion 
Specific heat 


-loo.az 


19.30 
3400°C 
6000°C 

4.0 X 10-« 

5.48 microhms 

0.476 cal/sq cm/cm/°C/sec 

7.0 

4.4 cal/gram 
0.034 cal/gram/°C 


““y be marketed in the 
e pure oxide, metal, or as ferrotungsten. The price ranee 
f tungsten concentrates over a period of years is shown in Table M 

tml? behavior havl bl the d^’ 
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TABLE 99 


Prices of Tungsten Concentrates 
(For 60 Per Cent WO 3 Grade) 



Per Unit 


Per Unit 

1910 

$ 7.75 

1932 

9.20 

1918 

12.00 

1939 

20.10 

1921 

2.50 

1944 

24.00 

1929 

13.13 




Highcst~$82.50, April, 1916. 
Lowest—$2.00, December, 1921. 


689. Uses. The first and most important use, because it con¬ 
tributes so greatly to the comfort of mankind, is repiesented by the 
tungsten filament of the incandescent electric lamp. In this connec¬ 
tion, it offers a fortunate combination of physical properties because 
the metal does not melt below 3400°C, has a relatively low vapor 
pressure, and yet has, at the same time, sufficient strength both hot 
and cold to serve satisfactorily as a filament when drawn out to 
diameters as small as 0.0005 inch. The history of the research of 
Dr W D. Coolidge is an excellent example of the contributions of 
modern research to society. Up to 1908 tungsten was considered a 
non-ductile metal for no one had succeeded in overcoming the brittle¬ 
ness, but he developed unique methods of doing this, involving the 
production of the powder, sintering, swagging, and heat treatment m 


order to develop ductility. j 

Another very important application is in the field of hard alloys. 
Although Mushet discovered the effect of tungsten as a hardening 
agent in steel as early as 1860, it eras not until the turn of he 
century, largely through the efforts of Taylor and his contemporaues, 
that the modern high-speed steel was developed. This “‘'"V ™‘”- 
tains its hardness at relatively high temperatures, and has contributed 
greatly to the development of the machine tool industry. 

In the last few years cutting materials of the cemented ea.bide 
type have assumed great importance, the first to bo erap oye oing 
naturally tungsten carbide. Although this is an extremely haid com¬ 
pound with a melting point of about 2500“C, in the 
it is extremely brittle and hence of limited utility. By imbedd g 
small particles of the carbide in a matrix of some 
as nickel or cobalt, Its hardness may be utiliaed through the 

Is mlix ma’terial, Recently this field has been extended to 
include other carbides, such as tantalum and titanium. 
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Minor uses of the metal are in X-ray targets and in electrode alloys 
used as contacts in electric welding. 

690. Alloys. A wide variety of tool and die steels, as well as high¬ 
speed steel and cemented carbide alloys, is manufactured. Typical 
analyses are indicated in Table 100. 


TABLE 100 

Compositions op Tungsten Alloys 



Per Cent 

W 

C 

Si 

Cr 

V 

Mo 

Fe 

Ferrotungsten i 

High-speed steel I 
High-speed steel II 
Cemeoted carbide 

Tool steel 

Die steel 

78-83 

14 

18 

43.i 

1-2 

8-11 

1.0 

0.75 

0.70 

) per cent t 

1-1.2 
0.3-0.6 

0.75 max. 

lungsten carl 
13 I 

4 I 

1 4 

bide; 43.5 i 
)er cent bin 
0.5-1.0 
2.5-3.5 

2 

1 

>er cent tar 
ider 

0.3-0.6 

0.5 

italum Cl 

remainder 

remainder 

remainder 

rrbide; 

remainder 

remainder 


r(p!tf„?wri '^. 0 ? wolframite 

59.6 per cent tungsten]; scheelite (CaW 04 63 4 ner 

cent); ferberito (FeWO. 60.2 per cent); and hubnerite ^Mn) WO. 

62.3 per cent]. Wolframite and scheelite, although the most imnor’ 

tan^ are usual y rather low grade and must be ooLenJed ‘rord:; 

y eld a product which can be treated at a profit by the rather 

Th^te**'* methods to be described shortly 

The other minerals are relatively unimportant 

692. Concentration Methods. Tungsten deposits, particularly 
many of our domestic ones, are erratic and low grade maVln,,^ 

ffl'’eaorgh 7 hS 

tangsten mineraTs havn?ghTped7g“”h“ 

notable increases in rec^ ^ Possible the use of this process with 
concentrates contain £arZ7iT'^ grade of concentrate. If scheelite 
nets. Such 

cent of the tungsten in fLa fra ! ®oninionly recover 95 to 90 per 
60 per cent WOa. rm o a concentrate containing at least 



164 


TUNGSTEN 


PRODUCTION OF METALLIC TUNGSTEN 

593. Shoppler Process. In the Shoppler process high-grade scheel- 
ite concentrates, containing 55 to 60 per cent tungsten, are ground in 
a ball mill with crude soda, and the resulting mixture is melted in 
a crucible. AVhen fusion is complete, the molten material is granu¬ 
lated by allowing it to flow into a small Pachuca tank filled with 
water, where the mixture is agitated until the sodium tungstate is 
completely dissolved. The insoluble residue is filtered, washed, and 
the filtrate (it should be an absolutely clear solution) sent on for 
precipitation. There the solution is brought to the boiling point, 
transferred to steam-jacketed stoneware crocks, and enough hydro¬ 
chloric acid is added to precipitate tungsten oxide. Great care is 
necessary at this point for unless the solution is kept almost at the 
boiling point the precipitate will be amorphous and difficult to filter. 
This precipitated material is allowed to stand for an hour or so in 
order to obtain coarse granules, and the clear, weak acid solution is 
decanted off, to be replaced with distilled water. It is then filtered, 
washed several times with water, yielding an acid-free product con¬ 
taining about 45 per cent of water. This oxide is then dried carefully 
and mixed with the proper amount of carbonaceous material to re¬ 
duce the oxide to the metal. Reduction is carried out in a special 
furnace where, at a temperature of about 1250°C, the oxide is re¬ 
duced to a lumpy gray mass of metallic tungsten in about 4 hours. 
This material is ground, screened, and packed in 100-pound tins for 

594 Fan Steel Process. Another process used by the Fan Steel 
Products Company is carried out in a small rev^beratory furnace, 
where the wolframite ore, together with soda ash, is heated to 800 C 
The following main reaction goes on, with any manganese presen 

4 FeW 04 -H O 2 + dNazCOg 4Na2W04 + 2Fe203 + 4 CO 2 (1) 

being converted to the dioxide, after which the furnace product is 
leached and the sodium tungstate solution filtered off. To this clear 
solution calcium chloride is added, precipitating the tungsten as cal¬ 
cium tungstate, which is washed by decantation and then boiled with 
hydrochloric acid to produce tungstic acid. This tungstic acid is then 
converted to ammonium paratungstate, the ammonia being remove 
by nitric acid. The tungstic acid is filtered, washed, converted to t 
oxide, and this reduced to the metal, at 1200^0, in a current of hy¬ 
drogen. 
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595. General. This is the raw material used for alloying purposes 
in the manufacture of alloy and high-speed steels. Although tungsten 
powder may be used, it is easier and more economical to use the ferro 
alloy. Whereas purified tungstic oxide could be used as a source of 
the tungsten, most of the domestic material is made directly from the 
hl§h"§rade concentrate without previous chemical treatment of the 
ore. Ore, together with carbonaceous reducing agent, and the neces¬ 
sary fluxes are charged into an electric furnace, where the ore is 
smelted, yielding a metallic alloy and a slag containing less than 1 
per cent of tungstic oxide. This crude metal is smelted again in the 
furnace, producing a ferrotungsten containing usually less than 1 per 
cent of carbon. 
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VANADIUM 

596. History. We sometimes call elements rare, even though their 
occurrence in the earth’s crust is greater than that of some of the 
common metals. Vanadium belongs in this category. It is widely 
distributed in the earth’s crust and, although it usually occurs in ores 
in very small percentages, the weight of vanadium in the lithosphere 
amounts to practically the same as the combined weight of coppei, 
zinc, and lead. It was late in being utilized industrially, owung in 
part to the meager deposits, as well as to the difficulty of extraction 
of the clement from the deposits. Although the metal w'as discovered 
in 1801 in a lead ore from Mexico, by Andres del Rio, it has been 
only since 1905 that the metal has been industrially utilized in chemi¬ 
cal technology and metallurgy. 

697. Economics and Statistics. Although the United States pro¬ 
duces a small amount of vanadium, it is not nearly enough to supply 
its owm needs, and furthermore these deposits arc kwv grade and 
erratic in nature. A deposit of impure vanadium sulfide at Minas- 
ragra, Peru, owned by the Vanadium Corporation of America, has 
been the largest producer in the world. Statistics covering the pro¬ 
duction of this metal are given in Table 101. 

TABLE 101 


WouIvd’h Vanadium Puoduction by Countries * 
(Metric Tons) 



{Reprinted by permiesion of McOraw-IliU Book Co.) 
• The Mineral Industry, McGraw-Hill Book Co. 

4 Not, available. 
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On the beginning of World AVar II production in this country was 
stimulated by reason of the threat of submarine warfare’s cutting 
off our supplies from South America. The metal was placed under 
full priority control m August, 1941. Discoveries were made in 
this country and our reduction facilities were increased, but through- 
t the entile conflict we continued to be dependent on foreign sources 
or our supp les. By early 1944, with a stockpile of over 3,000,000 

rea^^ 4 ^ the situation eased somewhat (in 1943 we 

cie a record production in this country of nearly 6 000 000 

In the Tariff Act of 1930 the duty on ferrovanadium was fixed at 

redu^dThLtr^^'lt. “ ^'’39, 


698. Properties of the Metal. 


Atomic weight 
Specific gravity 
Melting point 
Boiling point 
Specific resistance 
Heat of fusion 
Specific heat @ 0 °C 


50.95 

5.68 

1710°C. 

3000°C 
26 microhms 
80 cal/gram 
0.1198 cal/gram/°C 


* The very high values for specific heat 0 17'iq mnnop' * u- 
are most remarkable. ’ ‘ ^ tl, at higher temperatures 

of the metal A “eh a JaiZZZ “> « P- 

oxide for use in chemical synthesis”bft 7 “ *’'® 

the commercial metal A nricp m ' * u'" found for 

• ^ ^ange IS shown in Table 102. 

table 102 

Prices of Ferrovanadium 

Per Pound 
of Contained 
Vanadium 
1937 $2.80 

1939 2.80 

1944 2.90 



Per Pound 
of Contained 
Vanadium 

1910 

$4.50 

1918 

4.25 

1921 

5.63 

1929 

3.12 

•, January, 1921. 
November, 1940. 
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600. Uses. The most important use of the metal is as an alloying 
element for steel in which it functions to improve the steel in three 
w^ays: (1) It is partly dissolved in the ferrite, increasing the strength 
and ductility of the alloy; (2) it produces a finer and more uniform 
grain size and minimizes the tendency to grain growth during heat 
treatment; and (3) as a carbide-forming element it forms very stable 
carbides that add to the strength and hardness of the steel and show 
little tendency to segregate, or to form large masses at elevated tem¬ 
peratures. Fortunately, in view of the high price of the element, 
amounts as small as 0.2 per cent suffice. 

Vanadium is commonly employed as a catalyst in the synthesis 
of chemical compounds. The great chemical activity of the element 
as well as the ease with which vanadium changes its valence, and 
consequently the free atomic surface energy, account for its excellence 
as a catalyst. Although the oxide is used, there are interesting specu¬ 
lations regarding the use either of the metal or some of the carbides 


as catalysts for high-temperature reactions. 

601. Alloys. The uses of vanadium in the non-ferrous field have 
not been extensive, but in the ferrous industries the metal has found 
a wide range of usefulness. In this field, where it may serve both as 
an alloying agent and as a scavenger, it is not commonly used for 
the latter purpose because it is too expensive ($2.80 per pound). 

For large forgings a steel containing 0.45 to 0.55 per cent of carbon, 
0.70 to 0.95 per cent of manganese, and 0.20 per cent of vanadium is 
used for highly stressed parts such as crankpins, locomotive connect¬ 
ing rods, axles, and piston rods. Several chromium-vanadium steels 
containing 0.15 to 0.20 per cent of vanadium have been employed 
extensively in boiler construction, welding rods, superheater tubes, 
gears, automobile axles, steering arms, crankshafts, and propeller 
shafts. In steel castings straight vanadium, nickel-vanadium, and 
manganese-vanadium steels are characterized by uniformly fine gram 
size, high clastic limits, high impact strength, and excellent wear- 
resistant qualities. In carbon and low alloy steels 0.15 to 1.0 per cent 
of vanadium increases materially the toughness and strength, and 
permits a wider hardening range of temperature without gram 
growth. In high-speed tools vanadium is used in quantities usua y 
varying from 0.50 to 2.50 per cent with about 0.70 per cent of carbon, 
0.20 per cent of silicon, 18.0 per cent of tungsten, 0.25 per cent of 

mamrancsc. and 4.0 per cent of chromium. _ 

602. Ores. Vanadium is never found free in nature. The minera s 

from which vanadium is extracted are: 
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Patronite 

Carnotite 

Vanadinite 

Roscoelite 


'V 2 S 6 , 39.4 per cent vanadium 
K(U02)2(V04)2-3H20, 12.1 per cent vanadium 
Pb4(PbCl)(V04)3, 11 .6 per cent vanadium 
H 8 K 2 (Mg, Fe)(Al, V) 4 (Si 03 ) 2 , 32.3 per cent vanadium 


The most important deposit is found in Peru, and the principal min¬ 
eral is patronite. Vanadium is also a common constituent of coals, 
asphalts, bitumens, and oils. This organic occurrence is of special 
importance^ inasmuch as it has been presumed that the presence of 
vanadium is not accidental, but essential, functioning as a catalyzer 

in the conversion of organic matter into such compounds as coal oil 
and asphalt. ’ ’ 

PRODUCTION OF FERROVANADIUM 

Treatment. The method of extraction varies 
with the grade of ore, as well as its nature. Patronite, for example 
IS first roasted to eliminate the sulfur, and then leached with either 

and the filtrate evaporated to a crude vanadic oxide. It alkali is 
used, the vanadium as sodium vanadate is recovered by treatment 

precipitated as iron vanadate. 

604. 'rae Goldschmidt Process for Ferrovanadium. In this proc¬ 
ess vanadium oxide or iron vanadate is reduced with aluminum^ot 
n an open hearth furnace, soda ash or fluorspar being used to slag 
the small amount of alumina. If crude vanadic oxide is utd i on 
mings must also be added as a source of iron A satisfactnrv f 

van!d contain 30 to iC c t oj 

vanadium, not more than 0.5 per cent of carbon I per cent of sO^ 

2fPer cent of aluminum, 0.1 per cent of phosph^us! aToT”;:;'Zt 

-de by the thermite process, or some IdTAca^on of it™? " 
years, however, the difficulties involved in the dirpr-i 
oxide with carbon in the electric fnrn«PP b ^ ^ ^ reduction of the 

the result that most of the fprm' ri- surmounted with 

furnaces since 1935 . ^^ovanadium has been produced in arc 

metal from the 
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fur, a very satisfactory, although somewhat more expensive, grade of 
ferrovanadium can be produced. 

The common method of today, developed by Saklatwalla, uses the 
cheaper carbon as a reducing agent. Vanadium of course is multi¬ 
valent, and the first or lower oxides are not easily reduced or fused. 
Although the details of the process used by the principal domestic 
producing company are kept secret, apparently the success of their 
method of treatment is due to a peculiar furnace design whereby the 
vanadium oxide may be introduced immediately into a high-tempera- 
ture area where very strong reducing conditions prevail. This furnace 
has a restricted area between the carbon electrodes and a special feed¬ 
ing device in order to introduce the charge of coke, roasted ore, and 
fluxes directly into the arc area. The fused ferrovanadium and the 
slag accumulate below the arc and are tapped out when required. 

606. Production of Metallic Vanadium. Metallic vanadium may 
be produced in a number of ways: (1) by the electrolysis of the solu¬ 
tion of vanadium trioxide in fused calcium vanadate, (2) by the 
Goldschmidt or thermit method in reducing the oxide with aluminum, 
(3) by reducing the dichloride with hydrogen, and (4) by reducing 
the oxide with calcium. Although vanadium has been prepared with 
a purity of 99.7 per cent, no commercial uses have been developed 

for this grade of metal. 
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ZINC 

607. History. A few metals have been known and used since the 
dawn of history. A number have been prepared in quantrty only 
within the last century. Zinc falls in an intermediate category The 
first production of brass was, perhaps, one of the most romantic and 
fortuitous of technical discoveries. Zinc does not occur as the native 
metal, and even if some early metallurgist happened to heat zinc ore 

^etal passed off as a vapor, was oxidized, 
and lost Doubtless some early coppersmith, melting copper in con- 

thfcon T the vapor was aLorbed by 

Cri u the form of zinken) was first used by 

sus, who regarded it as a bastard or semi-metal. Moreover 

errs^eh^T"^^^ were confused, and the name “spiauter- (the mod- 
n spelter) given to both these metals. It seems likelv thnt 

fofr produced in India long before it was in Europe 

ing L^“edutuoVoT‘‘r?"“?’ 

auce «„ It 8'™ “<^^1 which had the appear- 

u • ’ hundred years before zinc was smelted in Eurnnp if 

description of brassmaking (obviouslv involvina 
e manufacture of aiuc) was about a.d. 1200, but not until lfil 7 w ^ 

New Jerteflint 7 D- C. In 1850 the pre^e^? 

the United States hTC thriairCd^Uw/L^^^^^^^ 
the countries of the world. ^ ^ ^ * among 

Cei Srprtw^^'lfbiit li'’* 

“Te^n Sansa’sT“'“ 

dete“tt^rorthe“ developments have 

the location of the zinc smelters adjacent to supplies of 
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cheap fuel because the distillation process, by which most of the 
world’s zinc is still produced, requires very large quantities of fuel. 
On the other hand, metallurgical developments have brought radical 
changes to the zinc industry in the last fifty years. One milestone in 
this development was the invention of the Wilfley table in 1896, which 
offered for the first time a means of separating the complex ores into 


TABLE 103 


World’s Zinc Production by Countries * 
(In Metric Tons) 



1910 

1918 

1921 

1929 

1932 

1939 

1944 

Australia 

t 

5,712 

t 

50,804 

53,655 

70,762 

79,398 

Belgium 

172,578 

9,245 

66,150 

199,869 

96,330 

185,700 

t 

Canada 

t 

11,182 

24,035 

78,064 

78,157 

161,755 

153,934 

Franco 

51,527 

18,347 

30,000 

91,611 

49,330 

60,262 

8,367 

Germany 

227,754 

236,000 

90,000 

101,774 

41,981 

212,285 

t 

Poland 

X 

t 

t 

169,032 

84,950 

117,936 

t 

Russia 

8,128 

4,893 

7,026 

4,403 

13,656 

90,000 

t 

United States 

250,639 

469,853 

181,894 

579,564 

193,715 

494,839 

788,613 

Totals 

815,097 

823,000 

441,382 

1,470,769 

789,949 

1,678,085 

t 

(World’s) 







-- 


{Reprinted by permission of McQraw-Hill Book Co.) 
* The Mineral Industry, McGraw-Hill Book Co. 
f Not available, 
j Included in Russia. 


more easily reduced products. The next important step was the de¬ 
velopment of the electrolytic zinc process, whereby these impure ores 
could be more easily and effectively treated, yielding a much purer 
zinc than had hitherto been available. The final one is still going 
on with the development of the differential flotation process whereby 
a more nearly complete separation may be made between the sulfides 
of lead, zinc, and iron, thus rendering leaching as well as the smelting 
of these products much more efficient and less costly. The fourt 
important step is the invention of the continuous vertical retort for 
the distillation of roasted zinc ores, replacing the old batch, hori¬ 
zontal, intermittent type. 

In Europe the important zino-smeltmg countries prior to 19 
Germany and Belgium. One reason for this centralization was ample 
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supplies of cheap coal. Another reason was the development of the 
Australian zinc mines, whose output was early contracted to large 
German metallurgical firms and distributed among the smelters of 
Belgium and Germany. Germany also possessed deposits of ore in 
Upper Silesia. Perhaps a more important reason, however, involved 
the labor supply, because the art of zinc smelting is one of a 
multiplicity of details in which the skill of the workmen plays a very 
important part. In these two countries we find a class of workmen 
who have been engaged in zinc smelting for a number of generations, 
and the inauguration of new zinc-smelting industries in Europe, be¬ 
cause of this fact, has not been successful. Another factor has been 
the uniform and constant supply of ore from the Australian mines, 
permitting standardization and economical furnace operation. Eco¬ 
nomic conditions growing out of the peace treaty of World War IT 
will determine Germany’s future position. 

In the United States the zinc smelters can be divided into three 
classes: (1) natural gas smelters; (2) coal-fired smelters; (3) elec¬ 
trolytic zinc plants. The natural gas smelters have been located in 
the western part of this country on the basis of plentiful supplies of 
this cheap fuel. For this reason the buildings and equipment are 
made as light and cheap as possible, with a view to a change of loca¬ 
tion becoming necessary. The coal-fired plants in the United States 
are almost without exception built in regions fairly close to a source 
of cheap coal but with some thought to a market for sulfuric acid 
conomy of heat, together with large reserves of fuel, become factors 
with the result that these plants have been constructed from the 
standpoint of pemanence, efficiency, and low operating cost. In 

producin^T^GOo't Pnmary retort smelters 

producing 709,000 tons of slab zinc. The electrolytic plants denend 

e built fairly c ose to the mines in order to avoid shipping the ore 
concentrates long distances. In 1943 there were five^ele^ctrolvtic 
p ante m the United States with an annual capacity of 338,000 tons 

pWo«7tt“l “in tteTdT" '"“Sing com- 

for ail f ^ was well called '‘spelter ” 

well Ltlrl?‘?„Th““'J “ ^ 

strict and no Ta ket or riesT b^-s were less 

purer variety of the meta W it one, existed for the 

notably in die casting allovs n t developing, 

y casting alloys and high-grade brasses, which must 
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have high physical properties, a metal containing 99.99 per cent zinc 
is none too pure. It is difficult to reduce zinc from mixed ores by 
the distillation process and produce a metal of this high degree of 
purity. Consequently, it is not unreasonable to believe that this de¬ 
mand for high-grade metal will result in a notable extension of the 
electrolytic process in the years to come and will have its effect on 
the location of the zinc smelting industry in the United States. 

In 1941, in spite of our large productive capacity, we first began 
to feel the pinch of war, and late in that year a voluntary system 
of rationing zinc was set up only to be followed late in the year by 
formal Government allocation. In 1942 the insatiable appetite of 
the “arsenal of democracy” made such demands that restrictions 
were made tighter and tighter until even publication of monthly 
production figures were discontinued by censorship. By late 1944 
the situation cased somewhat, and in 1945 all restrictions were lifted. 
The postwar situation of zinc is uncertain. Although the metal has 
made great strides as a protective coating, by reason of wartime im¬ 
provements, the industry will be faced with strong foreign competi¬ 
tion when foreign plants are rebuilt. 

In the Tariff Act of 1930 duties were levied on ores of 1.5 cents 
per pound of contained zinc; on zinc in blocks, pigs, slabs, or dust, 
1.75 cents per pound; on sheets, 2 cents per pound; on zinc dross or 
skimmings, 1.5 cents per pound; on zinc oxide, 1.75 cents per pound; 
on the chloride, 1.3 cents per pound; on the sulfate, 0.75 cent per 
pound; and on the sulfide, 3 cents per pound. A trade pact with 
Canada in 1939 reduced the duty on ores to 1.2 cents per pound and 
on blocks, pigs, &nd slabs to 1.66 cents per pound. 

609. Properties of the Metal. 


26'‘C 


Atomic weight 
Spocifio gravity (cast) 

Melting point 
Boiling point 

Coefficient of expansion (linear) 0-60 “C 
Spocifio rosistanco 20°O 

Thermal conductivity 0“C 

Hardness (Mohs’ scale) 

Heat of fusion 

60"O 


65.38 
7.131 
419.4“C 
907“C 

4.00 X 10-® 

6.16 microhms 

0.32 cal/sq cm/cm/^C/seo 

2.6 

24.09 oal/gram 
0.0040 cal/gram/'’C 


Spocifio heat 

610. Marketing and Prlcaa. Zino is marketed in the form of slabs 
weighing about 80 pounds. They are generally grooved so that they 
can be easily broken up into smaller pieees tor oonvenienoe m making 

up alloys. 
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The marketing of zinc ores is largely a matter of arrangement be¬ 
tween the miner and the smelter since schedules vary between wide 
limits. Ordinarily the base is 60 per cent zinc for sulfide ores and 40 
per cent zinc for oxide ores. Bonuses are paid for purer ores, and 
penalties, particularly for cadmium or lead, are inflicted for lower 
grade ones (see Article 715). 

The metal is marketed in the grades ^ shown in Table 104. In 
recent years Prime Western has accounted for about 43 per cent and 


TABLE 104 


Standard Specifications for Slab Zinc 


Grades 

Per Cent (Max.) 

Pb 

Fe 

Cd 

Sum of 
Pb, Fe, Cd 

Special High Grade 

0.007 

0.005 

0.005 

0.010 

High Grade 

0.070 

0.020 

0.070 

0 100 

Intermediate 

0.200 

0.030 

0.500 

0 500 

Brass Special 

0.600 

0.030 

0.500 

1.000 

Selected 

0.800 

0.040 

0.750 

1.250 

Prime Western 

1.600 

0.080 




High Grade for about 30 per cent of the total production. The 
principal impurities are lead, cadmium, and iron. Certain grades 
of electrolytic zinc are guaranteed to contain 99.999 zinc and com¬ 
mand a slight premium. Market quotations may be on the basis of 
either New York or St. Louis with High Grade normally Landing 
a premium of 0.3 to 0.5 cent per pound over Prime Western The 

pnce range in recent years is given in Table 105 

miurn' ™P"ritics are lead, ead- 

sme wiU crack under severe mechanical treatment, with the resuH 
^In 1945 the New York prices were: 


High Grade —9.25 cents per pound 
Intermediate —9.15 cents per pound 
r^ Special 8.90 cents per pound 
Pnme Western—^8.65 cents per pound 



176 


ZINC 


TABLE 105 


Prices of Zinc {Prime Western) * 


Cents per 
Pound, 

East St. Louis 

1910 5.370 

1918 7.890 

1921 4.655 

1929 6.512 

Highest—21.21 cents, June, 1915. 

Lowest—2.53 cents. May, 1932. 

* Engineering and Mining Journal. 

t Fixed by the Federal Government. 

that zinc used for the manufacture of cartridge brass should contain 
not more than 0.07 per cent lead. 

Iron increases the hardness and brittleness of zinc, and should be 
below 0.05 per cent in zinc used in the manufacture of brass. 

Cadmium, within the limits set for the ordinary metal, probably 
docs not affect the properties of brass, but in larger quantities it is 
harmful. In the manufacture of zinc base die castings, however, one 
must keep within the lower limits because cadmium reduces the cor¬ 
rosion resistance of these alloys and also promotes warping and 
distortion. 

612. Uses. Although zinc, in point of tonnage consumed in this 
country, ranks fourth, its use, in the pure form, is of comparatively 

TABLE 106 



Cents per 


Pound, 


East St. Louis 

1932 

2.876 

1939 

5.510 

1944 

8.25 t 


Consumption of Zinc in the United States 


Galvanizing 

Short 

1938 

Sheets 

108,500 

Tuhe.s 

29,300 

Wire 

23,600 

Wire cloth 

6,600 

Shapes 

31,000 

Brassmaking 

102,000 

Sh(!et zinc 

46,000 

Die easting 

48,000 

Other jiuriioses 

27,000 

Total 

421,000 


♦ liududtid hi other itoms. 


'ons 

Per Cent ^ 

of Total 

1944 

1938 

1944 

119,400 

25.74 

13.5 

60,600 

6.97 

6.7 

44,400 

6.63 

6.0 

* 

1.33 

* 

101,800 

7.36 

11.4 

381,900 

24.22 

43.0 

76,600 

10.93 

8.6 

76,200 

11.30 

8.6 

38,000 

6.52 

4.2 

888,700 

100.0 

100.0 
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little interest to the engineer. Its cheapness and its resistance to 
corrosion, together with the fact that it forms useful alloys with other 
metals, are its greatest assets. The largest use of zinc is in galvaniz¬ 
ing (as a coating of zinc applied to iron and steel for protection 
against corrosion); of almost equal magnitude and importance is its 
use as a constituent of brass and in die casting.^ Recent consumption 
of the metal in different industries as well as the effect of wartime 
demand on the pattern of consumption are shown in Table 106. 

613. Alloys and Compounds. The two principal alloys are (1) 
the brasses containing 10 to 50 per cent zinc and (2) the zinc base 
die casting ^ alloys containing 4 to 94 per cent zinc. Zinc alloys easily 
with many metals and markedly affects their properties so that it is 
a minor constituent of many alloys, some of which are listed in 
Table 107. 

TABLE 107 

Compositions of Zinc Alloys 


Alloy 


Die casting (zinc base) I 
Die casting (zinc base) II 
Die casting (Al-Si series) 

Die casting (Al-Cu-Si series) 
Die casting (Al-Cu series) 
Babbitt (zinc base) 

Silver solder I 
Silver solder II 
Brazing alloy 


* Remainder. 


Per Cent 


Cu 

A1 

Mg 

Ag 

Pb 

Si 

Zn 

— , 

4.1 

0.04 




* 

2.7 

4.1 

0.03 

— 

— 

_ 

♦ 

— 

♦ 

— 

— 

— 

12-5 

♦ 

2-4 

* 

— 

— 

— 

3-5 

* 

7 


— 

— 

— 

1.5 

♦ 

10 

5 

— 

— 

— 


85 

52 

— 

— 

10 

— 

_ 

38 

16 

— 

— 

80 

_ 

_ 

4 

50-53 




0.5 max. 

— 

* 


Although zinc compounds are widely used in industry, only a 

th^ Trin "^ade from metallic zinc, most of 

them being made directly from the ore. As a matter of fact the 

ual consumption of zinc compounds in this country represents a 
zmc contend of at least 200,000 tons, which is greater" haTS 

that nearly lOoJoM ^ wUl hi estimated 
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content of the brass alloys. Over half of this consumption is as zinc 
oxide, in which form it has its largest use as a pigment and as a con¬ 
stituent of rubber tires. Another large use (probably 50,000 tons of 
zinc chloride) is as a preservative for wood since timbers impreg¬ 
nated with this compound decay very slowly under bad conditions. 

614. Ores. The zinc minerals from which zinc is being produced 
are listed below with their zinc content, when in the pure state. 


Name Formula Per CerU Zinc 

Sphalerite * ZnS 67.0 

Calamine Zn 2 ( 0 H) 2 Si 03 54.2 

Smithsonite ZnCOs 52.1 

Zincite ZnO 80.3 

Franklinite (ZnO, MnO) •Fe203 6-18 


* Also known as “black jack” (“zinc blende”) and “rosin jack.” 

The average zinc content of ores mined in this country is about 3 
per cent; consequently practically all of them are concentrated be¬ 
fore treatment, yielding a concentrate containing 35 to 65 per cent of 
zinc (the market standard is 60 per cent). This treatment involves 
both gravity concentration and flotation, although there have been 
interesting developments in the use of heavy solution separation.^ 
On the whole, the reserves of zinc ores in this country are very 
large, and we are independent of the rest of the world for our sup¬ 
plies. The production of over 70 per cent of the metal is in the 
hands of about six strong companies.^ 

PRODUCTION OF ZINC 

616. General. For convenience the steps in the production® of 
the metal may be divided into (1) roasting; (2) distillation; (3) 
electrolysis; (4) fuming. 

Since zinc sulfide, the source of most of our domestic zinc, cannot 
be reduced directly, a preliminary roast is necessary for reduction 

1 Over 1,000,000 tons have been treated by a differential density process at the 
Mascot, Tenn., plant of the A. Z. L. & S. Co., resulting in an overall recovery of 
93.27 per cent of zinc with heads of 2.89 per cent. {Engineering and Mimng 

Journal, July, 1940.) « i j tit- n 

a New Jersey Zinc Co., American Metal Co., American Steel and Wire Uo., 

American Smelting and Refining Co., Illinois Zinc Co., Grasselli Chemical Ca 
a In 1943 the relative production of zinc in the United States was; 

Primary metal by electrolytic reduction 30.7 per cent of total porduction 
Primary metal by distillation 66.1 per cent of total production 

Redistilled secondary at primary smelters 45 per cent of total production 
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by methods 2 or 3. This involves the partial elimination of the 
sulfur and the conversion of the metal into zinc oxide or a mixture of 
zinc oxide and zinc sulfate. 

Distillation, which may be either intermittent or continuous, in¬ 
volves the addition of some carbonaceous reducing agent to the 
roasted zinc ore and subsequent distillation in a closed retort, yield¬ 
ing a liquid zinc. 

Electrolysis is carried out by leaching the roasted material, purify¬ 
ing the solution to remove certain deleterious im{)urities, and depo¬ 
sition of the zinc, using an insoluble anode, as metal of a very high 
degree of purity. 

The Waelz process, involving fuming from a large kiln, has been 
devised in recent years for the treatment of low-grade and complex 
ores. The mixture of oxides produced may be used as a source of 
zinc oxide for many industrial purposes or on further chemical 
treatment may yield metallic zinc. 


ROASTING AND CALCINING OF ZINC ORE 

616. General. The method of roasting zinc ore depends upon 
whether or not the zinc is to be recovered by distillation, or by 
leaching and electrolysis, as well as upon the type of distillation 
process (intermittent or continuous). Zinc ore that is to be treated 
by distillation must not have the zinc present as a sulfide. Although 
zinc carbonate can be converted to the oxide by simple calcination, 
this is not always done since the carbonate can be treated directly 

in the retort. The zinc sulfide, when roasted, oxidizes according to 
the reaction 


2ZnS -I- 3 O 2 2ZnO + 2 SO 2 (1) 

This roasting should be as nearly complete as possible because any 
sulfur remaining will result in the loss of about twice as much zinc. 

In roasting for leaching, the operation must be very carefully con¬ 
trolled so as to produce the right proportions of zinc oxide and zinc 
sulfate. The latter must be present in suflBcient amount to make up 

for the sulfuric acid lost in dissolving the oxide and processing the 
residues. 


617. Calcmation of Zinc Ores. The oxide ores are calcined before 
retorting in order to drive off the carbon dioxide and water If 
tb« are not so eliminated, they must be expelled in the retort, and 

expensive than roasting; furthermore, the raw 
would take up more room in the retort and the carbon dioxide 



i80 


ZINC 


set free would tend to oxidize the zinc vapor in the retort or con¬ 
sume excessive quantities of the reducing agent. The furnaces for 
the calcination of oxide zinc ores are simple kilns (continuous shaft 
furnaces). The ore and fuel are charged in at the top in alternate 
layers while air is admitted through tuyeres at the bottom. Four to 
10 per cent of fuel by weight is used. The ore must be not finer 
than inch in diameter; otherwise it tends to obstruct the flow of 
gas in the furnace. A furnace 10 feet in diameter by 20 feet in 
height treats about 40 tons of raw ore per 24 hours. 

618. Roasting Blende for Distillation. The object of roasting 
blende for distillation is to expel as much of the sulfur as possible and 
convert all the sulfide into oxide. Unfortunately sphalerite is one of 
the most difficult of the sulfides to roast, and even under the best con¬ 
ditions the calcine will contain 0.5 to 2 per cent of sulfur (under 
poor conditions as much as 5 per cent). The blende is usually crushed 
to about 6 mesh and then slowly and carefully roasted in a special 
type of furnace known as the Hegeler. If the temperature is too 
low, zinc sulfate remains undecomposed whereas, if too high, the 
associated sulfides fuse, film over the blende particles, and prevent 
complete roasting. On the whole, blende roasts slowly for it does 
not swell and become porous as do most other oxides; hence the air 
for oxidation cannot as easily reach the interior of the particle. To¬ 
ward the end of the roasting period it is necessary to maintain a 
roasting temperature of 800° to 850°C in order to decompose com¬ 
pletely the zinc sulfate that has formed in earlier stages. On the 
other hand, if there is iron present, zinc ferrite (ZnO-FeaOs) is 
formed at the higher temperature. This compound is not reduced in 


subsequent distillation. 

619. The Hegeler Furnace. This furnace represents a type rather 
than an individual furnace for the original design has been modified 
many times to suit local conditions. It was almost universally use 
for roasting zinc sulfide for batch distillation in this country, but 
there is a distinct trend now toward flash roasting or a preroast m a 


Wedge furnace, followed by blast roasting. 

A common design is shown in Figure 85. It consists of a rectangu¬ 
lar brick furnace 80 feet long, 17 feet wide, and 22 feet high, divided 
by a vertical partition into two separate compartments or furnaces. 
Each compartment has seven arched hearths, 6 feet wide and 2 fee 
high, lined throughout with a refractory brick. As indicated m the 
vertical section, the lower three hearths are heated as muffles and 
the upper four are heated simply by radiation, convection, and the 




a 1st Hearth 

b 2nd <• 

c 3rd •< 

d 4th •< 

e 5th •< 

6th " 


fit) '! 



X) 11 ~ rxim 

Elevation jUT 

Iff 7th Hearth i (f\ i 

\h 1st Gas ' I 

■ i 2nd “ '■ -- 

j 3rd ■■ 
j' Waste gas flue 
k Head frame mechanism 
I Rod alley 
m Flue to acid plant 
n Furnace “A" [===== 

0 Furnace "B” 
p Elevator ^ 4 ' 


Q Charge truck 
r Turn table 
s Gas flue 
t Calcine tunnels 
u Back frame 
V Chiselling car 
X Discharge hoppers 
y Motor 
z Idler pulleys 


Elevation ) i \ ^ 

(doors removed) I _ 

Fig. 85. The Hegeler Furnace. 
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The waste gas flue conducts the hot gases into an air heater of the 
pipe stove type, serving to heat the air for the bottom roasting 
hearth and thereby increasing the speed and eflBciency of roasting. 

The raw ore is fed onto the top hearth of the furnace from a charg¬ 
ing track and hopper. One compartment, or furnace, is fed from 
the opposite end from the other in order that the same rabble frame, 
shown in Figure 86, may be used for both compartments. The fur¬ 
nace has at either end a seven-stage turntable and a rod alley about 
130 feet long. The open ends of all hearths are closed, as effectively 


(d) 



as possible, by means of tilting doors to prevent the ingress of too 
much excess air. The rabble frame enters the furnace at one end 
and is pulled through to the other end by means of a steel drawing 
rod attached to a driving gear. When the rabble emerges at the 
other end, it is allowed to cool, turned by means of the turntable 
through 180 degrees, and pulled back in the opposite direction on 
the same hearth of the other compartment. The ore after its passage 
across a hearth falls through a drop hole onto the hearth beneath, 
where it is again rabbled and moved along by another rabble frame 
serving this hearth level. 

Such a furnace roasts about 40 tons of dry ore per 24 hours from 
24'p6i' cent to 2 per cent sulfur.^ With a fairly free-burning ore, the 


1 Ore enters furnace with 
Ore leaves first hearth with 
Ore leaves second hearth with 
Ore leaves third hearth with 
Ore leaves fourth hearth with 
Ore leaves fifth hearth with 
Ore leaves sixth hearth with 
Ore leaves seventh hearth with 


80 per cent sulfur 
16 per cent sulfur 
11 per cent sulfur 
0 per cent sulfur 
6 per cent sulfur 
4 per cent sulfur 
2 per cent sulfur 
1 per cent sulfur 



ROASTING ZINC BLENDE FOR LEACHING 


483 


layer on the hearth may be as much as 4 inches deep. The furnace 
is raked about every 2 hours, and ore will pass through the furnace 
in about 36 hours. A furnace will require the services of two to five 
men and consume about one ton of coal per ton of ore. The roaster 
gases (containing about 4 per cent of sulfur dioxide) are withdrawn 
from the top hearth, passed through a dust catcher, and then on to 
the sulfuric acid plant.^ If the gases are not so used for the manu¬ 
facture of acid, the sulfur content of the calcine may be reduced to a 
point lower than 2 per cent. 

620. Roasting Zinc Blende for Leaching. In the leaching opera¬ 
tion the solvent is return, or "spent,” electrolyte from the electrolysis 
of the zinc sulfate solution and contains up to 25 per cent sulfuric 
acid. The main object, therefore, of the roasting operation is to 
render soluble as much of the zinc as possible. Sulfide sulfur left 
in the calcine will tie up approximately twice its weight of zinc. A 
dead roast can be obtained only by the use of a rather high tem¬ 
perature, which in turn increases the formation of ferrite; conse¬ 
quently, the most efficient roast demands a rather nice balance be¬ 
tween sulfide sulfur left in the calcine and the ferrite produced 
Another factor entering into the roasting operation involves the nec¬ 
essary replacement of soluble sulfate lost in the plant tailings purifi¬ 
cation residues, and by-products. This must be replaced by the 
ormation of zinc sulfate in the calcine during the roasting opera¬ 
tion. To summarize, it is necessary to roast to a low sulfide sulfur 
0 a sufficiently high water-soluble zinc, and to as low a ferrite 
formation as possible. In order to avoid formation of ferrite a 

maximum temperature of 750°C on the hearth of the roaster is com¬ 
monly accepted. 

The most common type of roaster used for this operation is a 
25-foot diameter Wedge roaster (see Article 203) with seven hearths 
sow e drier hearth. The rabble arms are air-cooled and an 
arrangement of valves permits a flexible distribution of meheated 
air to any of the hearths m order to control the roasting operation. 

shT “ of these Wedge roasters is their flexibility as 

Aown by the fact that, although the maximum tonnage (reated 

2 rh„'L concentrate per 

24 hours, these furnaces have been kept in good operating condi- 

tons produced that year. ° ^ 9,090,000 
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tion with a feed as small as 18 tons per 24 hours. The analyses 
given below indicate the degree and nature of the sulfur elimination; 

Per Cent 

H 2 O Zn Pb S 

Feed 0.39 59.72 0.84 30.34 

Calcine — 67.96 1.13 1.96 

621. Zinc Ferrite. Zinc oxide combines with ferric oxide to form 
zinc ferrite (Zn 0 ‘Fe 203 ) when the roasting temperature is too high. 
This ferrite is not easily attacked by the dilute sulfuric acid used 
in the conventional low-acid process, and the zinc oxide remaining 
undissolved in the residue may amount to as much as 30 per cent. 
The formation of ferrite from its components begins to take place 
just above 700°C, and therefore in order to avoid forming this 
compound it is desirable to keep the roasting temperature below 
750°C. Although the compound is almost non-magnetic it has been 
found that on heating to a high temperature and cooling quickly 
it does become magnetic, probably through the formation of some 
FesOi. The Tainton process takes advantage of this property in 
separating out the ferrite from the roasted ore magnetically and then 
treating this product with a stronger acid in order to dissolve the 
zinc. It is noteworthy that the most recently built plants are using 
the Trail process of flash roasting, maintaining that this process 
not only leaves less than 0.2 per cent sulfide sulfur but also pro¬ 
duces a much smaller amount of ferrite by reason of the shorter 
period of contact between the iron and zinc sulfide than in the ordi¬ 
nary multiple hearth roaster. 

622. Sintering Zinc Ores. Some success has been attained in the 
pse of blast roasting in the preparation of zinc ores for distillation 
(notably at the Bartlesville plant of the National Zinc Company). 
The critical factors are the sulfur and moisture content of the feed. 
These are carefully regulated by having available, besides green ore 
(30 per cent sulfur), high preroast (12 per cent sulfur), low preroast 
(4'per cent sulfur), and returned sinter (2 per cent sulfur). This 
critical point varies between 7 and 10 per cent sulfur, depending 
upon the physical nature of the ore and its iron content. In roast¬ 
ing pure ores from the Joplin district and under the most favorable 
operating conditions it was possible to reduce the sulfur in the sinter 
to less than 0.01 per cent, but operating costs dictate a practice of 
about 1.0 per cent. An advantage of this method is that fine ores 
and slimes can be roasted with less dust loss, about 5 per cent more 
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sinter than roasted ore can be cliarged into tlie retorts, and appar¬ 
ently tlie sinter is reduced as well, if not better, than that r(jasted in 
the Hegeler furnace. 

DISTILLATION OF ZINC ORES 

623. General. In this procc.ss the crushed and roasterl, or o.xidizid, 
ore is mixed with sulTicient carlionaceous reducing niatler and heated 
in closed retorts until as much as i)us.silde of the zinc oxid.' ha> l;e,„ 
reduced to zinc vapor, this expelled from the retorts, and cuiidenMol 
in a condenser to molten zinc. The reactions involved are: 


(2j 

( 3 ; 

(dj 

speed the 
sometimes 


ZnO + C —> Zn + CO 
ZnO -f- CO —> Zn -f- CO 2 
CO 2 + C —> 2C’() 

In order to have the reaction attain any reasonable 
temperatures inside the retort usually reach lll)t)°C, and 
toward the end of the process as high as ]2.jU‘^C. It mud not 

however, become high enough to fuse the charge or weaken the re¬ 
tort unduly. 

Up to 1925 there had been little change during the prece.iing 75 
years in the method of reducing zinc ore. It was univcr<allv car¬ 
ried out in small, horizontal retorts, each holding almut 135 lunmd^ 
charge (roasted zinc ore ami reducing agent), but earlv in 19T5 
the ^ew Jersey Zinc Company undertook the developn'ient of a 
vcrtica . co„t„n,„„s retort Ik.s pro,-e,l, i„ ,l,e iotervenin,- M 

years, to be very successful. 

distillation in horizontal batch retorts 

to back m order to save plant space and rednee f,„.| . 
clay“«‘toa'n I e-linXrs'of'lire 

closed at one end’?i,eh™Se^^tiTt ivitr'foiil'tf".™;'v 

sHghr'rngLt„“tb; ii‘:“t: rcmair;?' ™ ''■'■■fv’'!''' 

on a cast iron grill work fonn.ne he 7 “d"*' 

3Pnce between the open end ot tbe7et:t I'iT.lii eiiit ‘r;;:., 
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is sealed off tight with a fire clay mixtuie. Into the open end of the 
retort are inserted fire clay condensers, and this open space is again 
filled with fire clay to prevent the loss of zinc vapor. The furnaces 
are built with 200 to 230 retorts to a side, and large plants have 
as many as 7000 retorts in operation. 

a Air main 
5 Gas main 
c Retort 

,,\ d Condenser 
e Prolong 
/ Working floor 
g Residue pit 
h " chute 
i Rear lining 
j Front “ 
k Tie rods 
I Residue car 

m Rails for charging machine 
ladles, etc. 

(/) (^) 


Fig. 87. Horizontal Retort Distillation Furnace. 

625. Retorts. The Belgian type of retort is used in the United 
States. It is circular or elliptical in cross section and will hold up 
to 135 pounds of charge (0.9 to 1.7 cubic feet). Their manufacture 
presents a problem because the retorts must have considerable me¬ 
chanical strength at the high temperatures to which they will be 
heated, they must withstand very rough usage, and yet be cheap; 
the walls cannot be too thick or the heat will penetrate the charge 
slowly and unduly prolong the distillation period; they must e 
thick enough to be impermeable to zinc vapors; and they should no 
spall or crack when subjected to sudden fluctuations of temperature. 
Retorts of fire clay last 20 to 40 days—those in the hotter parts 
of the furnace a shorter time than those in the cooler parts. There 
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has been a distinct tendency toward the use of silicon carbide ^ for 
the manufacture of these retorts because such retorts have a much 
longer life and their higher thermal conductivity appreciably cuts 
down the time of distillation. 

626. Condensers. The condensers are 16 to 21 inches in length, 
the diameter at the larger end 6 to 7 inches, and the wall thickness 
% inch. Although they vary considerably in shape, they should be 
formed to permit easy removal of the zinc when it has accumu¬ 
lated in the condenser and should be not so intricate as to increase 
unduly the cost of manufacture. They need not be made of as re¬ 
fractory material as the retorts because the load imposed is light, 
and they are not heated to so high a temperature. 

Prolongs, in the shape of sheet iron tubes 2 to 3 feet in length, are 
attached to the mouth of the condenser in some plants to collect 
any fume that may escape. In particular they serve to collect the 
blue powder formed in the beginning of the distillation period as well 
as the cadmium which might otherwise pass off, and, on the whole 
'they increase the recovery of zinc by about 3 per cent. 

In this country the furnaces are heated with either natural or pro¬ 
ducer gas for the more intense heat, and the flexibility of control 
with gaseous fuel is obvious. Gas enters at one end of the furnace 
meets air which enters through a number of small pipes inserted in 
the front of the urnace, and burns with a long flame surrounding 

‘>'6 furnace at a 

e atively high temperature; consequently at many plants they are 
led into a checks work or regenerative system in order to preheat 
he air Waste heat boilers may be used to effect a further recov- 
e^, but a sine smelter consumes relatively small amounts ot'power- 
and these smelters are not ordinarily located in districts where there 
IS a ready sale for electrical power. 

627. The Charge. The charges are made up of a mixture of 
cined ore or roasted sulfide ore and a reducing agent It haf been 
ound best not to mix oxide ore with roasted sulfide ore W to d“ 
40 ™ separately. The reducing fuel will make un 

the clay retorts, they afso increas d thT;.. " as 

Uiso increased the recovery of zinc by 2 per cent. 
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reducing agent is anthracite coal (Buckwheat No. 2), crushed to 
1/4 inch in diameter. It must be free from slate, pyrite, and other 
harmful impurities which might tend to slag the retort, combine 
with the zinc, or contaminate the vapor. Bituminous coal may be 
used to make up a part of the reducing charge, but if used alone it 
makes too much gas, dilutes the zinc vapor, and causes the forma¬ 
tion of an excessive amount of blue powder. It has the advantage, 
however, of depositing finely divided carbon, which is a more active 
reducing agent. Coke may also be used to make up a part of the 
charge, but it requires a high temperature to be as effective, and the 
carbon deposited is not finely divided. If the plant is treating both 
acid and basic ores, it is well to treat them separately; otherwise 
they may slag the retorts, film over the particles of zinc oxide, and 
reduce the recovery of metal. Ore and reducing fuel are crushed 
separately, the roasted blende to pass a 60-mesh screen, the reduc¬ 
ing fuel to pass a 4-mcsh screen. This ore and fuel are usually 
mixed in a rotary-type mixer with a little water, for this produces 
more intimate mixing and enables the mixture to be moie easily 
packed into the retorts. 

628. Charging Machines. Retorts were formerly charged by hand 
with a special-shaped scoop, but to speed up this operation, a ma¬ 



tt Charge bin 
h Feed pipe 
0 Screw conveyors 
d Furnace 
0 Retorts 
/ Residua tunnel 
g Motor 

h Transverse truck 
i Longitudinal •• 
j Chute 

Working floor 


Fig. 88. Siicger ClmrRinK Mm liinc. 

chine of the Haeger type, shown in Figure 88, is commonly usai 
It consists of a large truck, a small truck, a charging ^ 

conveyor trough. The larger truck runs on tracks m front of the 
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furnace and carries the smaller one, which can be moved forward 
and backward on rails by means of gearing. One electric motor 
furnishes power for the entire machine. In operation the workman 
brings the machine into position in front of a set of retorts and 
moves the small truck forward until the conveyor trough enters the 
mouths of the respective retorts. The screw conveyors are then 
started and, while these are feeding the charge, the small truck 
continues to move forward until the conveyors have reached the end 
of the retorts, thus filling these nearly full. The small truck is then 
run backward while the conveyors continue to feed until they leave 
the retorts. Not only can more material be placed in the retorts by 
this method but also it consumes only about one-third of the time 
of hand charging. 

629. Losses. The residue from retorting contains 5 to 15 per cent 
of zinc, as shown in Table 108. This zinc is present both as unde- 


TABLE 108 

Analyses op Retort Residues ♦ 



Per Cent 

Ounces per Ton 

Zn 

Pb 

Cu 

Fe 

Insol 

SiOj 

S 

Ag 

Au 

Plant A 

B 

C 

5.5 

10.2 

14.5 

3.4 

4.7 

2.2 

0.6 

1.0 

29.7 

11.0 

29.9 

27.5 

11.0 

10.5 

3.1 

4.8 

5.4 

6.0 

10.0 

0.03 


Carbon 30 to 45 per cent of residue. 
Bureau of Mines, Technical Paper 341. 


composed sphalerite and as ferrite, neither of which is appreciably 
uced in the retort. The yield of zinc may reach 90 per cent, but 
the average in this country, owing to the fact that we must use rather 
impure ores is probably nearer 85 per cent. The zinc ferrite, formed 

prevents their reduction. Furthermore, the retorts and condensers 

mete ho zmo. Thy are somewhat permeable to zine vapor, allow- 
wg It to escape ibo the combustion chamber or into the open air 

sIH ^ ki’’^ condensers also cause a con¬ 

siderable loss of metal. The retorts frequently break at the begin- 
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ning of the distillation period, and with the prevailing furnace con¬ 
ditions there is no easy way of recovering the charge for subsequent 
treatment. If the condensers are too hot, or too small, zinc vapor 
passes off into the open air and is lost. Assuming that 450,000 tons 
of zinc are produced annually by distillation methods from 900,000 
tons of concentrate, there would be 360,000 tons of residues, contain¬ 
ing on the average 8 per cent of zinc. The zinc content of this 
residue would be over 28,000 tons, and, if we add to this the value 
of the lead and precious metals, we have a sum well worth saving. 

THE PHYSICAL CHEMISTRY OF ZINC SMELTING 
630. General. The reaction taking place in a zinc retort may be 
written 

(x + 2j/)ZnO(c) + (x + y)C{c) 

(x -h 2y)Zn{g) + xCO{g) + yC02{g) ^ (5) 

although, as will appear later, this does not account adequately for 
conditions prevailing in the retort. It merely reiterates the fact 
that, when carbon and zinc oxide are heated together, variable 
amounts of zinc vapor, carbon monoxide, and carbon dioxide are 
produced. This reaction is obviously the sum of 

xZnO(c) + xC(c) xZn(g) + xCO(g) (6) 

2yZnO{c) + yC{c) 2yZn{g) + yCO^ig) (7) 

Yet these, in turn, not only do not express the actual consecutive 
steps of the reaction but also do not completely account for the 
mechanism of reduction. It is significant that the so-called tem¬ 
perature of reduction of zinc oxide has been reported by competent 
investigators over the range of 780“ to 1310“C. These divergences 
have been attributed in the past to differences in the physical form 
of zinc oxide and carbon, to differences in the gas pressure, and to 
allotropic modifications. Probably the confusion has resulted from 
the failure on the part of the experimenters to distinguish between 
chemically static and dynamic systems of zinc oxide and carbon. 
It is certain that no amount of continued heating at a definite 
pressure will cause gas-free carbon to reduce zinc continuously be¬ 
low a certain temperature. It is also obvious that attempts to meas¬ 
ure the temperature at which reduction takes place have measured 

^ See page 669 for nomenolature. 
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only the temperature at which the rate of reaction becomes measur¬ 
able. At higher temperatures, where the reaction takes place at any 
definite temperature, either zinc oxide or carbon, or both, disappear 
from the system. In other words, if a system containing zinc oxide 
and carbon is vented at a definite pressure, a condition of equi¬ 
librium can exist at only one temperature. Below this temperature 
reduction by carbon does not take place, and above it continuous 
reaction takes place, that is, the system is unstable as far as chemi¬ 
cal equilibrium is concerned. 

631. Thermodynamics of the Reduction of Zinc Oxide by Car¬ 
bon. The acceptable theory of the mechanism of the reduction calls 
for two steps, the first being 


ZnO(c) + CO(^) Zn{g) + C02(g) ( 8 ) 

but the carbon dioxide concentration of this reaction at the high tem¬ 
peratures prevailing in retort reduction is limited by the second one 


C(c) -h C02ig) 2COig) ( 9 ) 

Gas compositions can be calculated for the two reactions, using 
available free energies and equilibrium constants, but in combining 
them certain mathematical and chemical obstacles are encountered. 
t or example the values for gas composition corresponding to equa¬ 
tion 9 could be calculated, but they would not be directly com¬ 
parable with the concentrations obtained in the initial reduction 
step because reaction 9 involves an increase of the number of moles 
between the right- and the left-hand sides of the equation The 
compositions accordingly depend upon the total pressure. Also the 

^ one-atmosphere 

for thrsamTfi ^7 ^o^^P^^^ble to the compositions determined 

or the same final pressure in reaction 8 , because the zinc vapor is a 

glected. Dr. C. G. Maier* has discussed the thermodynamics 

perXe of th? “f determined the tem- 

"109 and no“T by carbon as shown in 

at 1227«r Tun f to 10 atmospheres 

sine ’ J^oo'd change the gas composition from 3458 per cent 

amc or carbon dioxide to 16.13 per cent ^ 

«acStVrndTV"‘” ‘be rates of 

^^tions 8 and 9. Experiments indicate that reaction 9 is very 

of Mines, inffelin “Ihenncnl and Thennodynamic Viewpoint,” Bureau 
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slow at 850°C and does not become moderately rapid until 1000°C 
has been reached. On the contrary, reaction 8, although slow at 
550°, is rapid at 650°C. At the temperatures encountered in retort 
smelting, 1100 to 1300°C, the zinc oxide reduction reaction is in¬ 
trinsically more rapid than a physical limitation, that of the rate of 


TABLE 109 

Continuous Reduction of Zinc Oxide bt Carbon 


Venting Pressure, 
atmospheres 


Temperature, Continuous 
Reduction, 


0.01 

0.1 

1.0 

10.0 

100.0 

1000.0 


637.5 

733 

857 

1014 

1230 

1534 


diffusion. On the whole it is believed that, although the rate of the 
producer gas reaction becomes moderately rapid at these tempera¬ 
tures, it still docs not have the velocity of the zinc reduction reac¬ 
tion. The producer gas reaction then becomes the “bottleneck,” so 
to speak. 

TABLE 110 

Gas Compositions at Various Final Pressures for the Reaction 
ZnO(c) -h CO((7) -A Zn(<7) + COM 


Pressure 


Temperature, 

< - 

0.1 almosphoro 

Zn or CO 2 , CO, 

1.0 atmosphere 

Zn or CO 2 , CO, 

°C 

jicr cent 

per cent 

per cent 

per cent 

427 

0.04 

99.92 

0.01 

99.98 

627 

1.38 

97.24 

0.44 

99.12 

827 

11.87 

76.26 

4.12 

91.76 

1027 

35.07 

29.86 

16.54 

66.92 

1227 

47.5 

6.0 

34.68 

30.84 

1327 

49.3 

1.4 

41.1 

17.8 


It is common knowledge that the gas given off by the retort is 
mostly carbon monoxide (it burns at the mouth of the retort). As 
a matter of fact, determinations indicate that retort gas usually 
contains less than 1 jier cent carbon dioxide. If the zinc reduction 
reaction step is so rapid, it should contain a great deal of carbon 
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dioxide. Table 110 calls for about 32 per cent at 1200°C. Actual 
conditions represent a balance between this reaction and the gas 
producer one, which calls for 0.06 per cent carbon dioxide (see 
Table 111). In addition, the customary use of a blanket of reduc- 


TABLE 111 

Gas Compositions for the Reaction C(c) + C02(j;) 2CO(g) 


Temperature, 


Per Cent 

°C 

CO 2 

CO 

850 

6.23 

93.77 

900 

2.22 

97.78 

1000 

0.59 

98.41 

1100 

0.15 

99.85 

1200 

0.06 

99.94 


ing material close to the mouth of the retort causes the effluent 
gases to be subject to the producer gas reaction without a possibility 
of the zinc oxide reduction step, spatially separated from it, taking 
place. Futhermore, the wide differences in equilibrium concentra¬ 
tion for the two reactions would also have an effect. Even though 
the specific reaction rate of the reduction step is apparently greater 
than for the other, the actual total rate in the retort may not be 
markedly different because of the concentration effects acting 
through the mass action law and because of the variations of the 
relative surface of zinc oxide and carbon. Also a high carbon dioxide 
content in the retort would decrease the speed of the reduction step 
but it would increase the speed of the gas producer step. 

The significance of the "temperature of reduction” previously 
referred to is now clear. At lower temperatures than the equilibrium 
temperature for a given pressure it is not strictly true that no reduc¬ 
tion of zinc oxide by the carbon takes place, but rather that the 
velocity of the reaction is very low and does not result in a con- 
muous production of zinc vapor when vented at a definite pressure 
because the pressure developed will be less than the venting pres- 
7 te"^peratures the corresponding equilibrium pressure 
g eater than the venting pressure and the continuous disappear- 

I™ ^ should occur at equilib- 

ste^Tv "“'h place. This latter 

eduction continuous 
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632. Blue Powder Formation. Reactions within the charge in a 
retort produce water vapor, hydrocarbons, carbon monoxide, and 
carbon dioxide, but only the last two are probably important factors 
in the production of “blue powder”—a mixture of zinc and zinc 
oxide. 

Zinc is a moderately strong basic metal and might be expected 
to reduce carbon monoxide: 

Zn(^) + CO(^) ^ ZnO(c) + C(c) (10) 

This would necessarily involve the reversal of the producer gas reaction 

2CO{g) C02{g) + C(c) (11) 

The mechanism of reaction 10 consists of two consecutive or simul¬ 
taneous reactions: 

2CO{g) ^ C02(j 7) + C(c) (12) 

C02((7) + Zn{g) ZnO(c) + CO(sr) (13) 

It has been shown that reaction 12 is slow below 1100°C but 13 is 
perceptible above 300°C and very rapid about 550°C so that the rate 
at which zinc is oxidized is determined by the slow step. Table 110 
indicates that large amounts of carbon dioxide would be present in 
the equilibrium mixture at temperatures below 850°C, but at this 
temperature the velocity of the reaction is so slow that equilibrium 
would be obtained only in weeks or months. Catalysts are known 
which would increase this rate but they are not normally present 
in the charge. Therefore, the reaction with carbon monoxide prob¬ 
ably accounts for the formation of only a part of the blue powder. 

The fundamental principle involved may be stated as follows: 
When a gas consisting of zinc vapor, carbon monoxide, and carbon 
dioxide is cooled and no reoxidation can take place through a re¬ 
versal of the zinc oxide reduction reaction (13) above the tempera¬ 
ture of the dew point of the zinc vapor, then the metal will begiri to 
condense without fouling, and blue powder formation will be mini¬ 
mized. 

In view of the fact that the reduction of zinc oxide by carbon is 
rapid as compared to the reduction of carbon dioxide by carbon at all 
temperatures below 1000®C, it may be assumed that any portion of 
the gas, after it leaves a particle of zinc oxide, is in equilibrium 
with it and should act reversibly as soon as it cools. If, however, 
this portion of the gas has the last contact with carbon (as it will 
in passing through the blanket) and the temperature is over 1000®C 
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(it will be in the front end of the retort), it may be assumed that the 
carbon dioxide concentration will be that determined by the pro¬ 
ducer gas reaction. The gas compositions so obtained may be used 
in the equilibrium constant for the reduction reaction to calculate 
the temperature at which this gas would be in the equilibrium con¬ 
dition and the zinc dew point may be calculated from the known 
vapor pressure of the zinc and the gas composition. Under plant 
conditions, the dew point may be above or below the equilibrium 
or reoxidation temperature. If the dew point is lower, only blue 
powder will form. When, however, zinc begins to condense at tem¬ 
peratures above the reoxidation point, the apparent reoxidation 
temperatures so obtained are no longer correct because a decreasing 
zinc vapor content ensues, which permits a greater content of carbon 
dioxide to be present at any temperature. Above the dew point 
the zinc content of the gas is unchanged, since no reaction is oc¬ 
curring, but below this temperature the partial pressure of the zinc 
is determined by the vapor pressure of the liquid metal. Table 112 


TABLE 112 

Blanket Temperatubes versus Reoxidation Temperatures 

Blanket Reoxidation Temperature, °C 

Temperature, C 1 atmosphere 10 atmospheres 


1027 776.5 1125 
1127 645 966 
1227 557 808 
1327 493 703 
1^7 444.5 624 
1527 below m.p. 566 


shows that the blanket temperature must be high to avoid blue 

powder formation and that an increase of pressure would raise the 
reoxidation temperature. 

633. Retort Residues. The methods that have been used or sue- 
gested for the treatment of these retort residues (see Table 108) 


1. Smelting directly in lead blast furnaces for the recovery of 
lead, copper, and precious metals. 

a. Residues mixed in small proportions with the ore charge 

b. Residues smelted alone with the necessary fluxes 

and sintering to remove the carbon and furnish a 
desirable product for lead blast furnace smelting. 
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3. Dry screening. 

a. For the recovery of coke. 

b. For the concentration of lead and precious metals. 

4. Magnetic separation. 

5. Wet concentration. 

a. For the recovery of lead and precious metals only. 

b. For the recovery of zinc and coke. 

6. Burning on Wetherill grates for the production of zinc oxide. 

The treatment of broken retort condensers also presents a problem 
of no mean importance in view of the fact that these contain 6 to 15 
per cent of zinc, present mainly as aluminate or silicate. Usually 
they are crushed and used again in the condensers as grog, or crushed 
and retreated. Before this is done, the condensers are cleaned of 
metal-bearing crust, the richest portion recharged—only the re¬ 
mainder crushed and concentrated. 

634. Operation of the Furnace. The cycle of operations covers 
24 to 48 hours. If 24, on arriving in the morning, the day shift finds 
the furnace ready for cleaning, the last metal having been drawn off 
from the condensers by the night crew, and the temperature of the 
furnace lowered considerably from the operating level. The pro¬ 
longs and condensers are removed and piled, on end, in front of 
the furnace. The residue close to the mouth of the retort is re¬ 
moved and kept separate from the rest since it is rich enough in zinc 
to warrant a special treatment. The remainder of the residue is then 
raked or blown out with compressed air and dropped into the residue 
pockets. All retorts arc examined and, if broken or defective, re¬ 
placed by others taken from the baking oven. The retorts are then 
filled cither by hand or machine. The condensers are luted into 
place, after which the unit is again ready for distillation. The 
temperature is raised as quickly as possible,^ water vapor or light 
hydrocarbons arc given off, ignite, and burn with a luminous flame. 
As the carbon monoxide concentration increases, the flame changes 
to purple, finally assuming the blue-green of zinc vapor. As soon 
as this zinc begins to come off, the prolongs are attached to the 
condensers in order to catch the blue powder. Care must be exer¬ 
cised in the operation of the furnace to keep the condensers at the 
proper tcmperaturc-415’’ to 550“C. If too cool, or if there is an 

1 An invoBtiRalion Hhowod retort tcmporiiturea of 1000° to 1100°C for 8 hours, 
after which it rose to a maximum of 1188»C with a furnace temperature oI 

1298° C. 
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undue amount of carbon dioxide present in the retort, or if the zinc 
vapor is too dilute, an excessive amount of blue powder^ is formed. 
The first zinc comes off about 6 hours after charging has been com¬ 
pleted. This zinc as it collects in the condenser is removed to a 
kettle, from which it is cast into bars for market.^ Very often the 
dippings are kept separate for they vary considerably in composi¬ 
tion. Particularly is this true since the price of cadmium has in¬ 
creased sufficiently to warrant its recovery. 

635. Refining Crude Zinc. The zinc obtained from the distilla¬ 
tion furnaces contains 96 to 98.5 per cent zinc, the impurities being 
chiefly lead, iron, cadmium, copper, arsenic, antimony, and sulfur. 
Although this crude material may be used for certain alloys, low- 
grade brasses, and galvanizing, it must be refined for many industrial 
uses. This may be accomplished by (1) redistillation or (2) liqua¬ 
tion. 

Liquation is carried on in a small reverberatory furnace with a re¬ 
fractory, cup-shaped bottom. The crude zinc is melted down and 
kept at a temperature just above the melting point of the metal for 
24 to 72 hours. During this period oxides and impurities rise to 
the surface as a dross. This dross is skimmed off from time to time 
and returned to the distillation furnace for retreatment. Lead and 
zinc-iron alloy settle to the bottom of the furnace and collect in a 
cup-shaped depression at one end. The liquid lead thus collected 
contains about 45 per cent lead and is removed and refined as de¬ 
scribed in the chapter on lead. Chapter 14. The zinc-iron alloy 
collecting above the lead layer contains about 6 per cent of iron and 
is sold to refiners of galvanizing scrap, who redistill it for the zinc 
content. 

By redistillation 3 a refined spelter with more than 99.9 per cent 
of zinc may be obtained. Ordinarily consumers are not willing to 
pay the difference in cost between this and the fairly pure zinc ob¬ 
tained directly from pure ores, and, furthermore, the still higher 
grade of electrolytic zinc tends to discourage the use of this metal. 
It costs about one cent per pound to carry on redistillation and 
there is a loss of about 5 per cent of the zinc in the process. In 


^ A mixture of zinc and zinc oxide. 

2 Of the zinc recovered, approximately 40 per cent is removed in the first draw 
50 per cent in the second, and 10 per cent in the third. This first draw may 
sometimes contain as much as 1.0 per cent cadmium. 

at Palmerton and 

anllo, yieldmg a metal contaimng as high as 99.997 per cent zinc. 
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principle the process is much tlie same as for the distillation of ore 
although, of course, the temperature need not be so high and the 
retorts are of slightly different design. 

CONTINUOUS RETORTING OF ZINC 

636. General. Reference has already been made to the fact that 
up to 1925 few changes had been made in the general nature of the 
horizontal retort, batch method of distilling zinc ores. These re¬ 
torts arc expensive to make, have a short life, and in 24 hours pro¬ 
duce from 135 pounds of charge only 40 to 60 pounds of zinc.^ It 
remained for the New Jersey Zinc Company to develop a new, con¬ 
tinuous, vertical retort which enjoys the following advantages in 
giving: 

1. Improved reduction and recovery of zinc. 

2. A product of greater jiurity than can be obtained from the 
ordinary distillation methods. 

3. Lower cost of production. 

4. Generally improved working conditions and a reduction in the 
costs of labor. 

5. A method of smelting ores not amenable to the conventional 
process. 

6. Less amount of blue powder. 

A flow sheet of the present plant is shown in Figure 89. The 
principal steps involved in the preparation and distillation of the 
ore arc as follows. 

637. Briquetting. Briquettes arc i>reparcd from a mixture of 60 
to 70 parts of roasted ore and 40 to 30 i)arts of carbonaceous mate¬ 
rial. This reducing agent may be all bituminous coal or partly 
bituminous coal, anthracite fines, or coke breeze. Heat transfer, as 
well as strength, were important factors in finally adopting a brick, 
4 inches by 2% inches by 2^ inches, weighing about 1.2 pounds 
wet and 0.6 pound when coked. In general all components of the 
charge must be closely graded from 20 through 200 mesh in order 
to give the requisite strength and porosity. Mixing and densifying 
rolls using sulfite liquor, tar, pitch, or a similar conditioning agent 
bind the constituents together. One of the essential factors of the 
entire process lies in the fact that these individual briquettes, mak¬ 
ing up tlic charge, shall retain their shape throughout the entire 

1 In Europe, just, prior to World War II, larger retorts were introduced with 
reported productions of 70 to 00 pounds of Jiino per retort. 
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reduction period so that the porosity of the charge as a whole may 
be maintained in the coking furnace. The briquettes are heated 
directly by means of the exit waste gases from the reduction fur- 



nace, the final coking temperature being between 750" and 900'C 
QuanUranH “ “1 coking are largely dependenruprtS 
the clke bond It b ‘’rtuminous coal available for forming 

In some casea it has been fomrd advantag^us to ^ rbri“„:t^^ 
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before coking, but usually the wet ones may be coked directly as 
they come from the press. 

638. Retorting. Retorting is carried out in vertical retorts about 
25 feet in height, having a rectangular cross section 1 by 6 feet. 
The retort material is silicon carbide with joints packed with granu¬ 
lar silicon carbide and graphite to prevent vapor escape and permit 
of independent expansion and contraction. The retort is fed, in 
batches, at the top and is discharged continuously at the bottom 
where there is a water seal to prevent the escape of vapor. The 
retort is heated by producer gas, and a furnace of this type should 
vaporize 30 pounds of zinc per 24 hours per square foot of a heated 
long wall surface at a temperature of 1300°C, with 96 per cent 
elimination and 92 per cent recovery. 

639. Condensation. Condensation can be carried out under much 
better conditions than in the batch system for there is a continuous 
supply of gases, constant composition and temperature permitting 
operation of large condensers under very uniform conditions. The 
vertical extension of the retort serves to complete the reaction of 
reduction as well as to filter out blue powder and zinc oxide from 
the gases. The condenser itself, which is constructed of silicon car¬ 
bide plates, has alternating baffles producing a zigzag and turbulent 
flow, as well as a high rate of heat transfer. The condenser is 
divided into (1) a cool part where rapid cooling is effected and (2) 
a zinc sump where slow cooling to molten zinc avoids the formation 
of blue powder. The exhaust gases are sent to a scrubber where 
zinc dust is collected and the gas (CO) sent to retort combustion, 
thus furnishing about 20 per cent of the necessary heat. Zinc dust 
and blue powder are recirculated. 

640. Advantages. 

1. Complete mechanization of charging and discharging. 

2. Condenser metal tapped in large batches (1% tons). 

3. A high recovery ‘ and low circulating load (8 per cent). 

4. The thermal efficiency is very high because of the continuous 
nature of the process, large retorts with less heat loss, recovery 
of heat values from condenser gases, utilization of the waste 
gases to preheat air, to dry coke, and to produce power. 

6. A retort life of 3 to B years because of method of construction 
and uniform operating conditions. 

» At one plant, in 1938, a recoveiy of 90 per cent of tho zinc in the blende was 
realized, but that is higher than the general experience. 
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641. Reduction of Zinc Oxide by Methane. Methane or natural 
gas has been proposed as a reducing agent for zinc oxide. On the 
basis of the following advantages many attempts have been made 
in the past to carry on this reduction, but the processes have not 
been commercial successes. The reaction involved is 


ZnO + CH4 ^ Zn + CO + 2H2 (14) 

1. On the basis of its reducing power as given by the above equa¬ 
tion, 12,000 cubic feet of methane will reduce 1 ton of zinc as against 
ton of coal, and if the plants are located close to the source of 
either agent the cost of methane will be about a tenth of the cost of 
coal. 


2. In a conventional retort furnace using carbon the endothermic 
heat of the reaction supplies only about 11 per cent of the heat re¬ 
quired, but the above reaction supplies 2.76 times as much heat as 
the reaction with carbon. 

3. It can be shown that thermodynamically methane has great 
theoretical advantages over carbon. Methane itself is unstable and 
although the dissociation is slow at 750°C, it is rapid at 850°c’ 
and the equilibrium mixture at the latter temperature contains 2.5 
per cent methane and 97.5 per cent hydrogen. Furthermore, reac¬ 
tion 14 indicates that there is a very considerable difference’in the 
specific heat between the sides of the reaction, and therefore the heat 
of the reaction and the free-energy change are very sensitive to in¬ 
crease in temperature. It should be possible theoretically to carry 
on the reduction of zinc oxide by methane at temperatures con-' 
siderably lower than those used in conventional carbon reduction 

interfere, and so far they have proved to be too great for com- 
merca suecess. First, it would be difficult to maintain a gastight 
connection between a ceramic retort and the source of methane^t 
even these lower temperatures and an alloy retort would be expen- 

Xduce re'’'"!'”'"''- *p 

mtroduce the methane m the rear of a horisontal retort, or the 
ottom of a vertical one, to sweep out the zinc vapors for condensa 

s “so Tr to -vic/brzw 

nd also to become clogged with carbon from the decomposition 
0 the methane. Third, it would be difficult to maintar colc^ 
between the reducing gas and the zinc oxide. A charge madrun 
ely of zinc oxide would pack and the gas would follow naths 
eas resistance through the charge in the retort. With the car- 
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bonaceous reducing agent, the charge is open, becomes more porous 
as the carbon is oxidized, and the carbon monoxide is generated at 
many points within a well-mixed charge. It might be argued that 
the process could be carried on in a vertical, continuous retort 
in which the charge would be in motion and this difficulty avoided. 
In the course of the development of the present continuous retort 
carbon monoxide gas was tried, but it was found that reduction was 
incomplete unless the reducing agent was incorporated in the bri¬ 
quette with zinc oxide (see Article 637). Fourth, it is believed that 
there might be a greater tendency to produce blue powder. If the 
reduction were carried on at temperatures as low as 870 C the car¬ 
bon formed by the dissociation of the methane would not react con¬ 
tinuously with the zinc oxide or carbon dioxide at such a low tem¬ 
perature. Although the carbon dioxide content might be low, the 
water vapor might be high and either or both would tend to reoxi¬ 
dize zinc in the condenser. 

642. Direct Smelting. Many attempts have been made to smelt 
zinc directly to liquid zinc in a blast furnace under moderate or high 
pressures. In 1896, and again in 1916, attempts were made with¬ 
out success. Dr. Maier in his work has pointed out that the effort 
and expense might have been avoided if only the physical chemistry 
of the process had been investigated. For example, attempts have 
been made to utilize the reaction 


2ZnO -j- ZnS —* 3Zn SO 2 


in a manner similar to the converting of copper (see Article 235). 
Thermodynamic calculations have shown that at low temperatures 
this reaction tends to go in the opposite direction and zinc reduces 
sulfur dioxide nearly completely to zinc sulfide and oxide. At 
727°C the reaction is still backwards and at 1227°C (the tempera¬ 
ture of a zinc retort) it seems that the reaction would occur as 
written to only a small degree. Furthermore, on being condensed, 
zinc would revert to oxide and sulfide. If a carbon blanket were 
used to reduce the sulfur dioxide to sulfur vapor, the sulfur thus 


produced would also sulfidize the zinc. , • ui + 

The first difficulty we encounter, if the conventional air blast 

furnace is used, is the dilution of the gases with nitrogen and car- 
bon monoxide, roughly nine times ns mueh 
monoxide ns sine vapor. With the partial pressure of ‘he 
redueed, it would be impossible to liquefy a large proportion of tte 
sine Some of it would pass out with the gases. Seeond, if we did 
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not choose to use the conventional blast furnace, we might use 
oxygen or furnish heat by conduction, but either would entail great 
expense. Third, difficulties in operating a blast furnace at elevated 
pressures would be great and construction expensive. Although the 
last word on direct reduction has not been said, no work has been 
done on the problem to the writer’s knowledge since 1926. 


ELECTROLYTIC DEPOSITION OF ZINC 

643. General. It has been known for over sixty years that zinc 
can be deposited from its solutions oy electrolysis; but no attempt 
was made to apply this knowledge, on a large scale, until about 1880. 
Up to 1914 several processes employing both zinc chloride and zinc 
sulfate solution were tried without marked commercial success At 
that time the Anaconda Copper Mining Company at Anaconda, 
Montana, and the Consolidated Mining and Smelting Company at 
Irail, British Columbia, began independent investigations of this 
process. They developed one whereby the sulfide zinc ore is roasted 
under suitable conditions to produce the right proportions of sulfate 
and oxide and leached with dilute sulfuric acid. The impurities 
are removed from the solution, and the solution is electrolyzed be- 

S puriir''''"' ^ 

The ori^ginal motive in developing this process was to provide 
^ome method of treatment for the complex lead-silver ores, most of 
which contain copper and iron, and yield on concentration a product 

suited to the retort process. Recently, however, with improvements 
n differential flotation, concentrates containing more than 50 per 
cent zinc are now treated by this process. At the close of 1943 

Lo rariw f I™® °I P" of ‘ho total 

peTcS iqi 4,r K “ ‘0 23.4 

; ... ' Ithough no statistics are now available for for 

production of electrolytic zinc, it is believed that .t is at leas! 

isth *'oat as ours. For reasons outlined in Article 662 it 

a he op.mon of the writer that the proportionate amount o eSo 
Jy^zmc produced in this country will increase slowly 

ments of the nlant nnrira,. i supply the acid require- 

plant under normal conditions. Any excess must be 
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discarded or neutralized to avoid building up acid in the system. 
Since the acid requirements of the process are rather small in amount, 
2 to 3 per cent of sulfate sulfur in the calcine is usually sufficient. 
The acid losses referred to arc as insoluble sulfates and entrained 
solution in the residue. The greater the ratio of residue to cal¬ 
cine, the more impervious the residue is to wash water; and the 
higher the zinc content of the solution, the greater the loss of soluble 
sulfates. The higher the lead and lime contents of the calcine, the 
greater the loss of sulfate as insoluble salts. 

It is also essential in roasting ^ not to use too high a temperature 
because of the tendency to form zinc ferrite (Zn 0 -Fe 203 ), which is 
insoluble in warm, dilute sulfuric acid. The formation of this fer¬ 
rite is dependent upon the iron content of the concentrate, the tem¬ 
perature at 'which roasting is carried out, the nature and associa¬ 
tion of the zinc and iron, as well as the length of time of roasting. 
The only rule that can be given is to keep the temperature as low 
as possible—a maximum of 600-650° C—particularly if the iron 
content is high. AVith concentrates containing much lead, care must 
also be taken because galena fuses, forms a hard crust on the hearth 
under the rakes, and also coats over the particles of zinc ore and 
prevents complete roasting. 

Some arsenic and antimony are eliminated through volatilization. 
A part of the copper combines with the iron in roasting to form a 
ferrite which is insoluble in dilute sulfuric acid. If the temperature 
of the upper hearth is too high, some lead may be lost through vola¬ 
tilization. A little soluble ferrous sulfate is formed in roasting, and 
this being precipitated in the next step renders the residue more im¬ 
pervious to the passage of wash water. At Trail, B. C., flash roast¬ 
ing is meeting with marked success. The capacity of the roasters 
has been increased from 33 to 70 tons per furnace per 24 hours; less 
ferrite and a better gas are produced. Some of the sulfur dioxide is 
reduced with carbon ana recovered as elemental sulfur. Incidentally, 
with waste heat boilers, about 2 boiler horsepower of energy per ton 
of concentrates roasted is recovered from the flue gases. 

645. Leaching. The primary object of leaching is to dissolve all 
zinc oxide and zinc sulfate contained in the roasted concentrate with 
dilute sulfuric acid from the electrolytic cells. Unfortunately, iron, 
arsenic, antimony, silicon, aluminum, copper, cadmium, and other 
metals are also dissolved and must be removed before the solution 
is electrolyzed. 

1 Prooer flash roasting tends to reduce the amount of zinc ferrite. 
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Most of the impurities mentioned above are removed as a part of 
the leaching operation by neutralizing the sulfuric acid and precipi¬ 
tating these along with ferric hydroxide and ferric sulfate. Calcine 
is used for this purpose, but the operation must be carried on care¬ 
fully; otherwise, there will be a serious loss of zinc in the residue 
as undissolved zinc oxide. If the calcine does not contain sufficient 
soluble iron, it is necessary to add this as well as manganese dioxide 

in order to oxidize all ferrous iron. The chemical reactions involved 
are: 


2FeS04 -I- 2 H 2 SO 4 + MnOg -> Fe2(S04)3 + MnS04 + 2 H 2 O (16) 

Fe 2 (S 04)3 + 3ZnO -|- 3 H 2 O 2Fe(OH)3 + 3 ZnS 04 (17) 

From the reactions above it is apparent that all sulfuric acid com¬ 
bined with the iron is eventually used to dissolve zinc oxide and the 
iron precipitated as ferric hydroxide, which adsorbs the arsenic or 
antimony or combines with them to form insoluble basic salts, thus 
completely removing these elements from the solution. 

In “smgle" leaching, calcine is added to the spent electrolyte until 
the acid strength ,s reduced to the lowest point possible and still 
Obtain a satisfactory recovery of the zinc (0.3 to 0.5 per cent sul- 
uric acid) The remaining acid is then neutralized with limestone 
or milk of hme to precipitate the iron, silica, alumina, arsenic, and 
antimony, and to coagulate the pulp for settlement and filtration 
Normally the only justification for the single system is saving in cost 
P ant, and operation for neutralization must be much more care¬ 
fully earned out than in the double system. 

In double” leaching all the calcine is added to part of the spent 

ramplete neutralization of the acid present, precipitation of the 
impunties, and coagulation of the pulp. The solids from this leal 
are thickened, the spigot of the thickeners being leached with 
without filtration, with sufficient spent electrolvte to I ’ ? 
excess zme oxide and make the pulp acid ( 0.3 to 0.5 per cent hIo T 

oveX;TnV nyluraT “ The thickener’ 

in contrast toSt “acid” 

leach is, in realitv mo™ r o ^ ’caching the first 

, reality, more of a purification step than a leaching opera- 
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Leaching may be carried on in an agitator of the Pachuca type 
shown in Figure 90 or some of the mechanically agitated ones. The 
Pachuca agitator operates on the principle of the common air lift, 
consisting of a steel cylinder 33 feet high and 10 feet in diameter, 
with a cone-shaped bottom to facilitate the removal of the residue. 
At the apex of the eone is a large gate valve, through which the 
contents of the tank may be discharged at the end of the agitation 
period. In the center of the tank is the air lift, or standpipe, 10 
inches in diameter, open at both ends, and extending from about 2 

feet above the apex of the cone to just 
above the level of the pulp in the tank. 
This standpipe is braced firmly against 
the sides of the main tank. At the 
lower open end is a small pipe which 
admits a jet of compressed air. The 
air lift thus formed raises the pulp in 
the standpipe and discharges it at the 
top of the tank, resulting in a very effi¬ 
cient agitation and circulation. It is 
generally used as a batch apparatus, 
but connection can be made through 
the side for continuous operation in 
combination with other agitators. It 
is frequently necessary to thicken the 
pulp after agitation, and before filtration, by means of a Dorr thick¬ 
ener. On the whole, acid pulp does not settle as rapidly as properly 
coagulated neutral pulp. 

646. Filtration. This is one of the most serious problems encoun¬ 
tered, for not only is there likely to be a high loss of zinc through 
entrainment of solution but also the capacity of the filters is likely 
to be reduced when the gelatinous precipitates of iron and alumi¬ 
num hydroxides and silica in the pulp form a cake which is very 
difficult to handle. In the conventional low-acid process the popular 
filter is the vacuum drum type although there is a trend toward the 

use of countercurrent decantation. , , 

The Burt revolving filter is proving popular, particularly in plants 
handling hot, concentrated solutions such as those produced in the 
Tainton high-acid process. This filter enjoys certain advantages: 

1. Simple to construct and repair. 

2. Forms a uniform cake under all conditions. 



a Shell 
b stand pipe 
c Solution or water 
d Compressed air 
e Angle irons 
f Inlet of air lift 
g Outlet 

h Discharge flange 


Fra. 90. Pachuca Tank. 




CONTINUOUS VERSUS BATCH LEACHING 

3. Very efficient washing. 

4. Ability to handle hot, concentrated solutions. 


It cannot handle anything but granular material, and difficulty is 
sometimes experienced in dislodging the cake. 

Purification. If a neutral leach is carefully carried out, the 
filtrate from the filter presses or from countercurrent decantation muII 
be free from arsenic, antimony, silicon, and aluminum, but will con¬ 
tain 40 to 60 per cent of the copper contained in the original calcine 
most of the cadmium, as well as some of the silver, nickel, cobalt, and 
germanium. Solution as received in the purification department con¬ 
tains about 300 milligrams of copper, 600 milligrams of cadmium 15 
to 30 milligrams of cobalt, and 3 to 8 milligrams per liter of antimony 
plus arsenic. Since copper and cadmium are the impurities most 

commonly found in ores, we shall confine ourselves to a consideration 
of them. 


Copper must be removed to avoid difficulty in electrolysis, and cad¬ 
mium must be removed to produce high-grade zinc to meet modem 
specifications. Atomized zinc dust and prolonged agitation reduce 
thrae impurities to the required limits. The elimination of the last 
of the copper requires a slight excess of zinc dust, but the removal of 
the cadmium requires a large excess of zinc and long agitation. The 
discharge from the purification tank, which may be either of the 
Pachuca or mechanically agitated type, is sent directly to filters or 
to thickening tanks and then to filters, in order to recover this residue 

cowL a^nd'crdmi™'' 


Grams per Liter 
Copper 0.0001 

Arsenic 0.0001 

Antimony 0.00005 

Cobalt 0.01 

Cadmium 0.015-0.030 

Iron 0.03 

Nickel 0.001 

Manganese 0.5-10.0 

Chlorine 0.001 


ouststeroneach “ Leaching. Although the continu- 
teed and natoe of Z* “ 

nature of the ore are constant, changes in either one make 
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close control of the purification steps very difficult; and, if impure 
solutions get through into the cellhouse, they may play havoc with 
operating efficiency or contaminate the deposited zinc. On the other 
hand, with a batch leaching system every tank is under the direct 
control of the operator. At one large plant using this system (in an 
endeavor to produce 99.99 per cent zinc cathodes)^ every tank is held 
until chemical analysis shows the impurities to be within the required 
limits. Furthermore, in the batch system a much larger proportion 
of the zinc content of the calcine is recovered because small amounts 
can be added and a much more nearly neutral solution obtained. 

Air consumption is greater with the continuous system than with 
the batch since it is necessary to maintain agitation in all the tanks 
for the full 24 hours to prevent settling and plugging of the air lifts, 
whereas in the batch system each tank is completely emptied at the 
end of the leaching period and air used only for the actual period of 
leaching. On the other hand, labor and repair charges are lower with 
continuous leaching and the entire operation is much simplified. The 
capacity per tank is greater, giving fewer units for leaching and for 
calcine storage. Furthermore, less difference in elevation is required 
between leaching tanks and thickeners since the tanks are discharged 


from the top instead of from the bottom. , , , ^ , 

On the whole, the tendency since 1935 is towards use of the batch sp- 
tem chiefly for the reason that industrial specifications are reaching 
such a point that the producer finds it difficult to produce sine of the 
rcouired purity with the loss flexible control of the continuous system. 

649 T^tment of the Leaching Residue, This residue contains, 
besides sine as sulfate, ferrite, sulfide, and entrained solution, vari¬ 
able amounts of lead, copper, silver, gold, “™ic, <md 
How it will be treated, as a matter of fact, whether i wi 
at all or not, depends entirely upon plant and market conditions. At 


the present time the residue may be: 

1, Sent to a lead smelter and made a part of the charge for the 
Dwight-Lloyd roasters and then smelted in a blast furnace 

the recovery of lead, silver, and gold. 

2. Fumed in a large kiln at a high temperature to recover lead an 


3. TreatcVwUh ioncentrated sulfuric t'Tffers 

600° and 650°C to convert the zinc into sulfate, but t 
difficulty in handling such corrosive mixtures. 

L Several plants now guarantee a product containing 99.999 per cent amo. 
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4. Leached with 25 per cent sulfuric acid. 

5. Treated with sulfur dioxide gas at 500° to 550°C. 

ELECTROLYSIS OF ZINC SULFATE SOLUTIONS 

650. General. Since the decomposition voltage of zinc sulfate solu¬ 
tions, at the concentrations commonly used in electrolysis, is 2.55 
volts and that of water, 1.70 volts, it would apparently be impossible 
to deposit zinc on the cathode. Actually the overvoltage of hydrogen 
on a rough zinc surface is of the order of 0.8 volt, with the result that 
once a thin coating of zinc has been deposited on the aluminum sur¬ 
face the overvoltage rises abruptly, the evolution of hydrogen is pre¬ 
vented, and zinc is deposited at a fairly high current efficiency. The 
margin is not great, however, and, furthermore, small amounts of 
impurities serve to disturb this delicate balance. 

651. Effect of Impurities. It is essential that the zinc sulfate used 
in electrolysis be remarkably pure if the process is to be successful 
an every effort should be made to avoid contamination in handling 
this solution (see Article 647 for limits). The effect of the impurities 
can be conveniently divided into four categories: 

1. Lead and cadmium are relatively easy to remove and serve only 

to deposit with the zinc and impart undesirable properties to 
the cathodic metal. 

2. Iron, coppe^ cobalt, and nickel do not deposit but serve to de- 

rr P™“ss. Their undesirability is about 

m the order pven, that is, iron, least undesirable, and nickel 

Trf elf" 

rn of the cell by alternate oxidation and reduction 

or through dissolution of the zinc. reuuction 

^ diecraboutf Tb°’ germanium are especially bad. Their 

inTa’ IZ f‘he zinc, form- 

lower the ampere efficiency. Germanium, in particular, f ery 
bad because only a few parts per million in the solution will em 
Wy prevent the deposition of zinc, but, fortunately, Hs occf 
ence in our zinc ores is comparatively rare. 

• Manganese is not injurious, up to 3 to 4 grams per liter It dp 

isTuMele'ot Z which 

. .is deposit falls fo 



510 


ZINC 


652. Electrolysis. In electrolysis the electrode arrangement is 
similar to that used in the multiple process for copper refining. The 
tanks are of wood, lined with lead, or concrete lined with a sulfur- 
sand mixture. The cathodes are pure aluminum sheets % to %6 inch 
thick; the anodes may be chemical lead or a lead-silver alloy about 
% inch thick. In the past electrodes have been spaced 4 inches center 
to center, but there is a tendency to reduce the space between them 
to % ^0 Vs inches. AVooden strips are placed along the edges of the 
cathodes to prevent the zinc’s building up around them and interfer¬ 
ing with the stripping of the cathodic zinc. No strips are needed on 
the bottom of these electrodes. 

A temperature of about 40°C is maintained by passing cold water 
through lead coils placed in the ends of these cells. High tempera¬ 
ture, on the whole, is not desirable from the standpoint of impurities 
because it intensifies their effects, but it is an aid in reducing the 
power cost if ampere efficiency is to be maintained. Furthermore, 
high temperatures appear to increase the tendency of the electrode to 
warp, with the attendant danger of short circuiting. 

The best operating potential appears to be 3.25 to 3.50 volts, de¬ 
pending upon the current density, temperature, acidity, spacing of 
electrodes, and the period of deposition. In the conventional low- 
current density process, this current density is maintained at 20 to 27 
amperes per square foot. In certain plants, however, with more care 
in preparing the electrolyte, and with temperatures around 50°C, 
current densities of above 30 amperes per square foot have been main¬ 
tained for weeks at a time with an ampere efficiency of 90 per cent. 

653. Ampere Efficiency. This is affected by the presence of im¬ 
purities in the solution, the temperature of the cell, the period of 
deposition, and the ratio of zinc to acid in the solution. With the con¬ 
ventional process, one ton of zinc requires about 3550 kilowatt-hours 

or 1.55 to 1.8 kilowatt-hours per pound of zinc. 

654. Period of Deposition. Although this may be as high as 48 
hours, it is found that shortening the period of deposition almost al¬ 
ways results in an increase in ampere efficiency, with the result t a 
some plants are running with 24-hour cathodes. As the period of dep¬ 
osition is lengthened, nodules or protuberances appear on the surface 
of the cathode, and the deposit becomes rougher and tends to spring 
loose from the surface of the aluminum sheet. At the other extreme, 
it is found that, with low current densities, around 20 amperes per 
sauare foot, and low temperatures, the period of deposition may be 
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lengthened to even 96 hours without a very serious loss in current 
efficiency and, of course, with a saving in labor. 

ELECTROLYTIC ZINC PLANT OF THE ANACONDA COPPER 

MINING COMPANY 

655. General. This company operates a large copper smelter at 
Anaconda, Montana, including an electrolytic zinc plant, and cop¬ 
per refineries and an electrolytic zinc plant at Great Falls, Montana. 
It pioneered in the development of the electrolytic zinc process for 


Concentrates 
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the production of zinc in this country, pouring the first slab at its 
Great Falls plant on September 17,1916. The location of these plants 
is attractive because of large reserves of ore in the Butte district and 
relatively cheap and adequate supplies of hydroelectric power. The 
flow sheet of the plant is shown in Figure 91. In January, 1947, the 
rated capacity of the Great Falls plant was 500 tons of zinc per day, 
making it the largest single zinc plant in the world, and rated capacity 
of the Anaconda plant is 240 tons of zinc per day. Cadmium re¬ 
covered at Anaconda and at Great Falls is produced at Great Falls, 
this plant having a rated capacity of 3.5 tons of cadmium per day. 

656. Roasting. Zinc concentrates of approximately the following 
analysis are received from railroad cars and delivered to large storage 
bins, from which the material is delivered to smaller feeder bins 
located directly above the furnaces: 


Per Cent 


Ounces per Ton 


Zn 

54.0 


Cu Pb Fe Insol. S As Sb Cd 
0.5 1.5 8.0 3.0 32.0 0.04 0.02 0.35 


Au 

0.01 


Ag 

4.0 


The roasting furnaces are of the modified Wedge-McDougall type, 
25 feet in diameter with seven roasting hearths and one open drier 
hearth on top and a brick-lined, hollow, revolving shaft 5 feet in 
diameter. There are four arms for each of the driers and first 
hearths, and three for each of the other six hearths, all water cooled. 
From hoppers below the furnaces, the hot calcine (a typical analysis 
is given below) is drawn off into calcine cars which discharge into 

coolers. ^ „ 

Per Cent Ouncesp^r^ 


Zn Cu Pb Fe Insol. S SO 4 As Sb Cd 

60.0 0.5 1.7 8.9 3.6 2.3 2.0 0.04 0.02 0.38 


Au Ag 
0.01 4.4 


657. Leaching. This calcine is treated with dilute sulfuric acid 
(return electrolyte from the tank houses) in Pachuca tanks, operated 
in series. Acid solution, together with calcine, is run into the first 
tank; the last tank discharges into Dorr classifiers for the remova 
of coarse material. Zinc calcine is added to the leaching tanks until 
all the acid is neutralised and the iron, arsemc, silica, antimony, and 
alumina precipitated. The overfiow from the classifiers goes to 
thickeners (neutral) for the separation of solids and sohition. The 
thickened pulp is drawn from these thickeners and treated again mth 
acid in another series of Pachuca tanks which dischar^ into addi¬ 
tional thickeners. The pulp from the thickeners goes to Oliver filters, 
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the filtrate being returned with the thickener overflow to the first 
leaching tanks while the cake goes to a third set of leaching tanks 
and thence to thickeners for settling. The spigot from these filters is 
washed on a Moore filter, dewatered on Oliver filters, and the result¬ 
ing cake sent to driers. They are of the rotary type, 60 feet long, 9 
feet in diameter, fired with natural gas, and producing dried residue 
(shown below) which is shipped to the lead smelter for retreatment. 


Per Cent Ounces per Ton 

Zn Cu Pb Fe Insol. Au Ag 

14.0 0.8 6.3 29.0 11.8 0.05 16 


658. Purification. The overflow from the first set of thickeners 
goes to mechanically agitated purification tanks for the removal of 
copper, cadmium, and small traces of arsenic and antimony with zinc 
dust. After purification, the solution and residue are pumped to 
Shriver presses for filtration. The filtered solution, neutral and con¬ 
taining about 11 per cent zinc, is sent to storage tanks which supply 
the electrolytic tank house. 


659 Electrolysis. Electrolysis is carried on between aluminum 
cathodes and lead anodes at a current density of 30 to 35 amperes 
per square foot. The deposited zinc is stripped from the cathodes 
every 24 hours There are 1248 cells which are divided into 8 units 
0 156 cells each arranged m a series of cascades of 7 cells each The 
solution feed system is so arranged that fresh solution may be added 
to any cell in the division. The sulfate solution as it is fed to the 
ce s contains no free acid, but, as the zinc is removed from solution 
furic acid IS formed and the solution (used to dissolve fresh zinc 

low in zinc (about 5 per cent) 
high m acd (about U per cent). Zinc cathodes are sL Tto 
the casting department on small cars. 

The substation receives power at 100,000 volts which is stenned 
down to 406 volts to supply nine 5800-kilowatt synchronous rotary 
converters which deliver 10,000 amperes each, a/bSO Xf u2 
m the tank house. One of the converters is used as a spare Xh 

paralkleTwith converters are 

Lna X ^ eight mercury arc reetlflers which deliver an addi- 

13°TO amX'™ " " 

BrcTwifhX T^*”^** “ reverberatory furnaces 

market. The gases from the furnaces are discharged into a bag 
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house to remove any zinc oxide. Zinc dust for purification is also 
produced by atomizing molten zinc, using compressed air. In melt¬ 
ing cathode zinc there is a certain amount of dross formed which is 
skimmed from the furnace and treated in rotating drums for the re¬ 
covery of the molten zinc. The dry dross is retreated through the 
entire process for the recovery of its zinc content. 

661. Purification Residues. The cake of the filter presses (shown 
below) is piled in a stockpile for oxidation and then leached with 
acid electrolyte from the tank house to dissolve the zinc, cadmium, 
and part of the copper. 

Per Cent 

Zn Cu Cd 

40.0 6.6 3.5 

Cadmium is recovered as a sponge by the addition of zinc dust to 
the solution. Separation of the sponge and solution is made with a 
Shriver filter press. This cadmium sponge is then allowed to oxidize, 
after which it is leached with dilute sulfuric acid. The resulting 
cadmium sulfate is purified (see Articles 139-142) and electrolyzed 
in cells similar to those used in the zinc section. The cathodic cad¬ 
mium is stripped from the aluminum anodes, melted in an electrically 
heated furnace, and cast into various shapes for market. The resi¬ 
dues from the initial leach as well as those from the purification of 
the cadmium are dried and shipped to the copper smelter. 

662. Future of the Electrolytic Process. In the judgment of the 
writer several factors will contribute to increase the tonnage, both 
actual and relative, treated by the electrolytic process. They are: 

1. Twenty years ago a negligible fraction of our zinc production 
was especially high grade—something like 25,000 tons of the 
world’s production of 1,200,000. At that time electrolytic zinc 
commanded a premium of 30 per cent in price. In 1945 with a 
world production of probably more than 2 million tons fully 30 
per cent of this was electrolytic. The premium for pure zinc 
will become less and there is little prospect of being able to 
produce zinc of comparable purity from impure ores. These im¬ 
purities, especially iron and lead, slag the retort; cadmium, 
arsenic, and antimony contaminate the zinc. 

2. This country, and the world for that matter, possess ample re¬ 
serves of zinc ores. Furthermore, more and more complex ores 
containing lead and zinc will be treated, principally for the lead 
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content, so that zinc will be in the nature of a by-product. These 
complex ores do not lend themselves to thermal treatment. 

3. The large Federal hydroelectric power installations will make 
available large amounts of very cheap power, and electrolytic 
zinc plants will be attractive outlets for large amounts of this 
power. Many large deposits of zinc ore are fairly close to these 
plants. Cheap fuel and reducing agents are not. 

4. Labor has increased greatly in cost, and the cost of labor for 
the conventional retort process is at least three times that re¬ 
quired for an equivalent production of electrolytic. Although 
the development of the horizontal retort has improved the posi¬ 
tion of retort zinc, even with high zinc concentrates and the use 
of waste heat, it is so unfavorable that it seems likely that the 
electrolytic process will be more widely used. 

5. Specifications have become more stringent. Very pure zinc is 
required for many applications because of the superior physical 
and chemical properties of pure zinc and its alloys. Our 
domestic sources of pure ores are insufficient to produce this nor 
are the world’s reserves sufficient to meet the increased demand. 


Ongmally there were two motives in developing this process. First, 
orld War I brought with it a sharp increase in the demand for pure 
zmc for high-grade brasses; a relatively small tonnage of pure zinc 
could be produced from domestic ores. Second, in order to supply 
the tonnage demanded, it became necessary to turn to low-grade 
complex ores that did not lend themselves to treatment by the retort 

Tth J t ™ process, as it existed 

at that time, yielded a concentrate that contained too much iron 

lead cadmium or copper. Retorts had a short life, and the zinc 
produced failed to meet compositional limits. 

^ 663. Zinc Dust. Zinc dust for the purification steps, as well as for 

ptnr7uch‘r made at the 

nl« d ^ apparatus is shown in Figure 92 Zinc is 

acrol tl zinc r ^ “0™ 

and biota hto a nr T atomized 

escape for thts’ n* “aans of 

zinc dust The fi ’ p*™ ‘’“'''“Sh fabric bags, without the loss of 

“air p zlr 0 ^ hy varia¬ 

tion of the nozzle wilb 
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664. Low-Current versus High-Current Density Process. The 
original processes developed at Trail and Anaconda operated with 
sulfuric acid concentrations in the electrolytic cells of about 10 per 
cent and at a current density of 20 to 30 amperes per square foot. 
The Tainton process uses a solution containing as much as 23 per 
cent sulfuric acid and current densities of over 100 amperes per 
square foot. The latter process enjoys the advantages of being able 
to dissolve zinc ferrite, bring into solution more iron, effect better 
purification, produce three times as much zinc per unit of cathode 
area, and improve filtration, and it is more compact. There are 
distinct disadvantages in (1) cost of heating the solutions, (2) corro¬ 
sion by the strong acid, and (3) an equal or greater plant investment 
per unit of capacity. 

At some plants the calcine is passed over a magnetic separator 
which divides the calcine into ferrite and oxide. The ferrite can 
then be given a special treatment with hot, strong acid, thus increas¬ 
ing the total recovery of the zinc. 

666. Equipment. Both processes are expensive and difficult to 
operate, for all equipment must be resistant to sulfuric acid and 
metallic sulfates. Lead and wood are commonly employed for the 
construction of parts in contact with acid; lead, copper, or bronze for 
those in contact with neutral or acid solutions containing copper. 

FUMING PROCESSES (METAL) 

666. General. This plants is located at the Josephtown smelter of 
the St. Joseph Lead Company where the company also produces sul- 

1 Transactions of the American Institute of Mining and Metallurgical Engi¬ 
neers, pp. 141-176, 1944. 
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furic acid, zinc oxide, and cadmium. The plant, located near Pitts¬ 
burgh, Pennsylvania, handles principally its own ore from mines 
located in New York State but also treats some from Canada and 
South America. The general operation consists of roasting the sulfide 
concentrates, converting the sulfur dioxide into sulfuric acid, prepara¬ 
tion of a strong structure sinter from the calcine, crushing and sizing 
of coke, reduction of coke-sinter mixture by electrothermic means, 
condensation of the evolved zinc vapor to make either metallic zinc 
or the oxide, and utilization of the carbon monoxide gas. 

667. Sinter Plant. Machines of the Dwight-Lloyd type are used 
to eliminate the cadmium, sulfur, and lead and produce a sinter of 
such size and composition as to reduce breakage to a minimum in the 
descent of the charge through the electric furnace. Sinter components 
are calcine from the roasting plant, returned sinter fines, silica sand, 
crushed coke, fines screened from furnace residues, sinter plant dust, 
collector dust, and furnace plant dust recovery dust with 11 per cent 
of water. The burned sinter is screened on %, i/>, and % inch 
screens; the oversize is used to regulate furnace feed and the under¬ 
size returned as a part of the raw mix. Heat is supplied by the 
combustion of crushed coke, carbon in the residue fines, and by re¬ 
sidual sulfide sulfur. One ton of dry concentrate yields about 0.S3 
ton of calcine, of which, in turn, one ton yields about 1.17 tons of 
sized sinter, or about 0.97 ton sinter per ton dry concentrate. Pro¬ 
duction rate is of the order of 0.70 pound sized sinter per square foot 
of grate area per minute. Sinter composition averages 59.89 per cent 
zinc, 0.037 lead, 0.007 cadmium, 9.0 iron, and 0.5 per cent sulfur. 

668. Coke Preparation. Breeze coke and pea coke from by¬ 
product ovens are used. The pea coke is crushed and sized to yield 
a 0^140-inch product for the electric furnace and the undersize to¬ 
gether with breeze is ground in rod mills to about 10 mesh for use in 
t e sintering machine. Total coke consumption is 0.85 ton per ton 
of zinc produced, of which 0.27 is fines used for sintering and 0.58 
sized coke for the electric furnaces. 


669. Reduction of the Zinc. This reduction is carried out in an 
e ectnc urnace, shown in Figure 93. It consists of a cylindrical shaft 
cksed at the top by the horizontal, rotating, charge feeder-distribu- 
or and at the bottom by a convex rotating table. One group of elec- 

anntr through the furnace wall at the top of the shaft and 

another IS located at the bottom. The electrodes carry 475 amperes 

pounds are consumed per ton of zinc produced. They are sloped 
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down at an angle of 30 degrees from the horizontal in order to impede 
the descent of the charge as little as possible. Insertion depth is 11 
inches for the upper and 8 inches for the lower electrodes. 

The feed to the furnace consists of about one volume of coke to 
one of sinter. The large excess of coke over that theoretically re¬ 
quired provides electrical stability and tends to minimize the agglom¬ 
eration of the charge constituents. Temperatures in the furnace 
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Fig. 93. St. Joseph Furnace, Condenser and Auxiliaries. {Courtesy of American 
Institute of Mining and Metallurgical Engineers.) 

follow the pattern of distribution of electricity, being hottest along 
the center line of the furnace. They are approximately 900°C near 
the wall and 1200°C in the main body of the charge, graduating to 
1300° to 1400°C at the center. 

The furnace is lined with brick of as low an alumina content, 
permeability, and porosity as possible. The underside of the rotary 
distributor as well as the roof of the vapor ring and condenser are 
lined with Carbofrax. Cast mullite blocks are used below the vapor 
ring. Structural carbon has a low coefficient of expansion, high 
thermal conductivity, and great strength at high temperatures bu 
it must be handled carefully. It must be kept out of contact with air 
and carbon dioxide, not allowed to serve as roducUon carbon, and 
not located where it will interfere with the circulation of electricity 
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through the unit. Refractory consumption has been 53.5 pounds of 
fire brick and mortar and 4.2 pounds of silicon carbide per ton of 
zinc produced. The residue from the furnace is screened on an 0.756- 
inch screen; the oversize (on the basis of experience indicating that 
most of the zinc has been eliminated) is rejected; the fines are treated 
with magnetic rolls making three magnetic portions and a non-mag- 
netic one. The coke is reclaimed from the latter by pneumatic treat¬ 
ment, and varying proportions of the first three products, depending 
upon composition and the demands of the system, are returned to the 
sinter plant. 

670. Condensation. Earlier experiments indicated that the con¬ 
ventional methods of condensing zinc from the mixture of zinc vapor 



‘Brick baffle 

10 . 94. The Weaton-Najariaa Vacuum Condenser. {Courtesy of American 
Institute of Mining and Metallurgical Engineers.) 

and carbon monoxide issuing from the top of the furnace would re¬ 
sult not only m a very low condenser efficiency and require enormous 
on emers but also m the formation of large amounts of blue pow- 

dpieoUheTer-''.^'' well-known prin- 

ciple of the steam jet-type condenser used in chemical plants How- 

action w! of “ndruetion had to be developed because of 
theL^ r 8“='^ ffom the furnace under 

edTo bubb^r rr™'* 'onkler' 

used to bubble through a bath of molten zinc, which in turn is 
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cooled in order to conduct away the heat thus released. The final 
design is shown in Figure 94. The outer shell is built up of boiler 
plate, those subject to appreciable elongation through temperature 
changes are corrugated. On a mica lining is laid down 2 inch-thick 
Carbofrax silicon carbide brick. Two baffles made of the same mate¬ 
rial are provided to prevent surging of the molten metal, and the exit 
leg is made higher than the inlet for the same purpose. Vacuum- 
tight doors are provided for access to the inside for repairs and re¬ 
moval of accretions. The coefficient of heat transmission of the con¬ 
denser is about 7 Btu per hour per square foot of wetted area per 
degree Fahrenheit. Water sprays are used to cool the outside of 

the inclined part of the condenser. 

The gases, containing roughly 45 per cent zinc vapor and 55 per 
cent carbon monoxide gas, are drawn from the furnace through the 
vapor ports and ring, down through a connecting outlet, through the 
vertical leg of the condenser, and into the molten bath by the action 
of the vacuum maintained over the metal bath in the gas outlet leg. 
When the condenser is operated within the temperature range of 
500° to 525°C, blue powder formation is of the order of 1 per cent of 
zinc produced. The carbon monoxide, together with any uncondensed 
portions of the zinc vapors, pass first through the gas washer which 
cools the gas and washes out any larger particles of coke, sinter dust, 
and blue powder. The gases then pass through a deduster, consist¬ 
ing of a series of pipes with several right-angle turns in each run 
and with a steam jet at the entrance and water spray at each turn. 
The spray water goes to a^ump, where the solid material is recovered. 
The ends of the pipes are sealed with a barometric seal against the 
vacuum of the system. The gas then passes on through a heat ex¬ 
change, filter, and compressors and is used about the plant. 

The furnace treats about 40 tons of charge daily and makes an 
overall recovery of about 93 per cent. Of this loss of 7 per cent, abou 
4 per cent is represented by zinc in the discarded residue, whereas the 
other 3 per cent represents miscellaneous handling losses. Power re¬ 
quirements are about 2550 kilowatt-hours per ton of zme or zinc 


671. F^ing with the Electric Arc. With the possibility of ob- 
taining large amounts of cheap power in this country through hydio- 
electric developments, a method has been 

Cyanamid Company at one of their foreign plants (Trollhatten E 
trothermiska Aktiebolag). In principle, as shown m Figure 95, 
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roasieQ zinc ores are smelted with a carbonaceous reducing agent in 
a small, single-phase electric furnace. The zinc vapor evolved from 
this furnace is condensed as a powder by sudden, sharp cooling. This 
powder is then sent to an electrically heated, rotating furnace where, 
at a temperature of about 650°C, this metallic zinc is coalesced into 
a liquid, which is then sent to a distillation furnace for further puri¬ 
fication. The slag and matte obtained from the arc furnace are sepa- 


f 

d 



rated from one another in a forchearth, the matte being sent to a 
copper smelter for retreatment. The zinc powder removed from the 
condensers continuously contains 85 per cent zinc, of which 70 per 
cent exists as metallic zinc. The 15 per cent not accounted for is 

ZrJfLl cadmium distilled 

over with the zinc, a small amount of silver, and the oxygen in the 

nc oxide. The smelting furnaces consume 1700 to 2000 kilowatt- 

zinTis^^^ ore smelted. If a higher grade than Prime Western 
z nc IS reqmred, redistillation of the zinc is carried out in a special 

hourt'^er consumption of 6550 kilowatt- 

quired in th! 1 ! '' considerably higher than that re¬ 

quired in the electrolytic process. 
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672. Direct Production of Metallic Zinc from Lead Blast Fur¬ 
nace Slag, Another process for the recovery of zinc from blast fur¬ 
nace slag has been developed by the St. Joseph Lead Company. It 
involves the volatilization of the lead in a closed electric furnace and 
the condensation of the zinc in a AVeaton-Najarian condenser. The 
slag being treated contains 12 to 16 per cent zinc, part of it being 
the result of former operations of the lead smelter, the remainder be¬ 
ing produced currently in the lead smelter. 

The electric furnace (capacity, 250 tons of slag per day) takes the 
form of a horizontal cylinder of 1-inch plate 42 feet long by 15 feet 
in diameter. The outside is cooled with water sprays. Refractory 
lining of the upper half consists of fire brick and fosterite brick, the 
lower half of fire brick and carbon blocks (3 feet thick when new). 
Three-phase electric power is introduced by six carbon electrodes 
30 inches in diameter, approximately 27 feet long, and disposed 
linearly along the top on about 5 feet centers. Nominal full-load 
current, at 440 volts, is 30,000 amperes per phase. The electrodes 
are automatically controlled and their entrance into the furnace 
sealed by a cylindrical skirt, of which the upper part is clamped 
around the electrode and the lower immersed in a water-filled annular 
chamber surrounding the aperture. The furnace is operated under 
a slight positive pressure—about 1 inch of water. Molten slag is 
fed through a small water-cooled hole in one end wall, about a foot 
above the maximum slag level (bath depth is 10 to 30 inches). Spent 
slag is withdrawn through a water-cooled taphole in the other end 
of the furnace. Gaseous reaction products leave the furnace through 
two openings in the upper part of the side, each opening leading to 
a 31-foot AVeaton-Najarian condenser with gas dedusters (see Article 
670). 

A vacuum of about 15 inches of mercury is maintained on the exit 
leg of the condenser by means of the compressors which compress 
the cleaned carbon monoxide gas for plant use. Metal tapped from 
the condensers (about 1500 pounds per draw) is drossed and cast 
into ingots. Reduction coke is supplied by breeze placed on top of 
the slag bath by a coke (linger. The exit slag has a temperature of 
about 1400°C. Slag tapping keeps pace with slag feeding, and the 
slag fall is about 80 per cent. 

Matte and iron ^ tend to settle toward the bottom of the furnace 
and are removed periodically through a taphole. Not all the incom- 

1 A typical sample contains Pb, 1.0 per cent; Cu, 7.8 per cent; insoluble, 0.2 
oer cent; Fe, 68.1 per cent; S, 27.4 per cent; and Ni + Co, 1.9 per cent. 
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ing sulfur follows the exit matte. Some is evolved as lead sulfide 
vapor, is recovered along with metal slag droplets from the furnace, 
and is recycled to recover the lead and zinc. The analyses of the 
products are shown in Table 113. 


TABLE 113 


Slag Analyses 


Slag 

Per Cent 

Pb 

Cu 

Si02 

FeO 

CaO 

MgO 

S 

Zn 

AI 2 O 3 

Blast furnace 
Stripped 

2.65 

0.10 

0.56 

0.11 

26.0 

32.3 

35.4 

35.3 

8.1 

10.8 

4.1 

6.5 

2.6 

1.5 

12.9 

2.8 

3.8 

9.0 


It appears from the first runs on this plant that the total power 
consumption will be about 800 kilowatt-hours per ton of slag (14 per 
cent zinc), coke consumption not over 7.5 per cent of the weight of 
the slag and gross electrode consumption not over 10.5 per cent of 
the weight of the slag. The recovery on one pass will be 68 per cent 
of the zinc in the slag and overall recovery about 75 ■ per cent. 


J-UMiNG PROCESSES (OXIDE) 

1 ““ "“s held at a rather low 

evel up to World War II, operators have been anxious to devlp I 

cheap process for treating the low-grade complex ores available in 

cr rrsUTr; r 

“rdtve5;;"mr:?^' 

I. rj'rs 

and blue powder,^ represented by that lost in the slag, the atmosphere. 
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cerned, it has enjoyed remarkable success since its introduction in 
1923.’- To insure economic operation the following important prin¬ 
ciples must be adhered to: 

1. A high yield can be accomplished only by the intimate mixing 
of charge with reducing agents, by a long period of reaction, and 
by preventing the segregation of the constituents of the charge. 
The first two objectives are achieved by using a long rotary 
kiln; the third objective is attained by using a solid reducing 
agent and keeping the temperature below a certain maximum. 
A long reduction zone insures complete decomposition of all 
zinc compounds, even ferrites and silicates. 

2. A proper heat balance must be maintained. Reduction of zinc 
oxide requires much heat which, however, is recovered, as the 
vapor of metallic zinc is oxidized immediately just above the 
charge. The large amount of heat in the gases may be utilized 
in drying and preheating the charge or in waste heat boilers. 

3. Some form of cheap fuel, such as coke breeze or fine anthracite 
coal, is essential. 

4. The labor requirement can be small, only a few men being re¬ 
quired to operate a 300-ton unit. 


ZINC OXIDE 

675. General. Although zinc oxide is not always made from the 
metal,' the fact that 100,000 tons of zinc as oxide, most of which is 
made from ore, are used each year as a pigment and in rubber articles 
warrants its consideration here. It can be made by the “direct or 
American process, by the “indirect'’ or French process, or by the wet 

^'indirect Process. In this process, still in use abroad, spelter 
is heated in stoneware retorts, and the metal vaporized and burned in 
a combustion chamber at the mouth of the retort. There an exhaust 
fan draws the zinc oxide into a chamber, where the coarser, less de¬ 
sirable particles are settled out, and then into a bag house where the 
fine dust is collected. Another modification is to use a retort open at 
both ends, pass carbon monoxide over the heated metal to assist in 
vaporization, and then burn the two together to form the oxide. 

677 Direct Process. This process, using the ore, was first de¬ 
veloped by Wetherill about 75 years ago for the New Jersey Zinc 
Company. The oxide ore is mixed with coal and burned o 

xBv 1946 there were eleven plants in the United States using this process. 
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Wetherill grate. Air is forced into the closed ash pit, up through the 
mass, reducing the zinc which vaporizes, and then reoxidized by oxy¬ 
gen and carbon dioxide above the bed. This grate is a casting with 
tapered holes, not bars. A charge of 3000 pounds of ore and fuel 
is burned in about 6 hours and the zinc oxide recovered in a bag 
house. Traveling grate furnaces, giving better control and higher 
capacities, have been developed. 


BUNKER HILL AND SULLIVAN MINING AND 
CONCENTRATING COMPANY 

678. Fuming Furnace. This company ^ is engaged in treating 300 
to 400 tons of hot slag per day supplied from the lead blast furnaces 
of this company located near by (in the initial operations reclaimed 
dump slag was held at 15 per cent but it has been found possible to 
increase this to 65 per cent of the charge). Hot slag is tapped from 

the blast furnace into steel pots of 6.5 tons capacity and conveyed to 
a turning furnace. 

In plan the furnace is 15 feet long and 8 feet wide, inside, with 
sides and top completely water-jacketed (the cooling water is circu- 
latcd^in a thermo-siphon system). The furnace bottom is constructed 

hT, ^ are spaced 

nlil f are sup¬ 

plied from headers to twenty-eight Laist, double inlet tuyeres four- 

tanks fnt water, from the bottom of the thermo-siphon 

s, enters at low points in the various jackets and circulates by 

dZl o° 1 f ^ thermo-siphon tanks. In the sketch, to avoid 

Abdiuln " Z "°“®"tions to the water jackets are shown 

on.]) ^ employed to motivate 

to the two 14-inch diameter headers. Frol 
_ _ eader it is distributed to fourteen inner tuyke inlets The re 
mainmg 50 per cent of the total air is delivered to 20 innh rl' I 
headers, from which it is distributed to the outer tuy^^^^^ 
eecondary air forces coal ahead into the slag bath 
Fulverized coal is supplied directly from pulverizers and fl 

:p r." 'i 

Mtmnff Congress Journal, October, 1943. 
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ing a furnace cycle. Each cycle, in turn, is divided into three periods: 
a charging period, a blowing period, and a tapping period. The 
charging and tapping periods consume about 35 per cent of the total 
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Fia. 96. Slag Fuming Furnace. 


cycle. Upon completion of the cycle the furnace is drained through 
tap holes located in the rear of the furnace. Although it was found 
possible to reduce the zinc content of the slag to 0.5 per cent, it has 
been found expedient to hold this at 1.0 per cent for 300 tons and at 
1.9 for 450 tons per day capacity. The fume and gas from the fur¬ 
nace are drawn off from one end only,’which is the opposite one from 
which the furnace is charged. 



-X 


I 

679. Metallurgy. It has been found that the reduction of .inc 
ox,de with carbon monoxide gae ia much more efficient than with 
solid carbon. Also the maintenance of slag fluidity requires the 
partial combustion of most of the coal; hence every effort is Lde 
to so regulate the air at the tuyhres that the carbon will be burned 
to carbon monoxide. Less air than this will result in inefficient re- 
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Fig. 97. Metal Elimination Curve. 

duction and ultimately the freezing nf f 
versely, as the air supply is inere/ furnace charge. Cod 

carbon monoxide, greater nronorf f requirement fc 

resulting in excessive slag temneratur “a''™ 

Thus the coal-air mixture for?eH th u“u‘^ reduction 

affects the reduction of not only tte rinf n“‘'' 

«outained. Within the churnt^d^^^^ ^ 
coal burns to carbon monoxidp \ of the 

bulk of the reduction occurs at tht bn” ‘be 

oxide bubbles. The reduced met l tk ‘be carbon mon- 

-‘uta relal"h‘;'b::wtn1^^^^^^ 
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Mining Congreat Journal, October, 1943. 
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tion rate, and concentration in the slag, and Table 115 gives metal¬ 
lurgical data on a typical run. Tests show rather conclusively that 
the rate of metal elimination from the slag is chiefly a function of the 
existing metal concentration and the depth of the slag bath. 


Slag charge 
Cycle 

Charging 27 min 
Blowing 83 min 
Tapping 10 min 
Treatment rate 


Zinc 

Content of slag heads 
Content of slag tails 
Eliminated during cycle 
Eliminated per minute 
Per cent eliminated 
Coal 

Consumed during cycle 

Consumed per lb zinc eliminated 
Steam 

Generated per hour @ 250-lb gagi 
Generated per lb coal 
Air volume at tuyeres 
Primary 
Secondary 

Total 


TABLE 115 
Metallurgical Data 


37.6 tons 

120 

min 

12 

cycles 

451 

tons h( 

12,040 

lb 

777 

lb 

11,263 

lb 

93.9 

93.5 

lb 

13,450 

lb 

1.191b 

43,750 

Ib 

7.8 

lb 


cu ft per min 
cu ft per min 

9,640 cu ft per min 



‘he 

bustion chamber of the w^stl h "““bustion gases into the com- 
Prior to enterirgltCxMalr' f S™. 

combustion of the carbon ninnnvi^ vapor and the 

leaves the furnace at a temperaturl of ataTlW»c\''T'f “ “ 
waste heat unit at about lonn”^ T ■! ™ ^ 

this temperature is aboti^OO-r^hi “■* 

to a bank of cooling towers where a portion of the H 
then to a bag house where the gas is^Ielned 

is?Cdt:”rrtZrr /* “1, plant the 

Of such elements as chlorine an" 
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electrolytic zinc process, would necessitate handling an increased 
tonnage as well as the establishment of new operating procedures. 
The composite fume averages about 63 per cent zinc, 10 per cent lead, 
and weighs about 40 pounds per cubic foot. For reduction to metal 
at the retort plant it must be densified and its lead content greatly 
reduced. This is accomplished by heating the fume in a kiln with 
about 1.5 per cent by weight of minus i^-inch coke. This kiln, 75 
feet long by 7 feet diameter, is operating at temperatures varying 
from 500°C at the feed end to 1300°C at the discharge. In its pas¬ 
sage through the kiln most of the fluorine and chlorine are eliminated, 
lead reduced to 1.5 per cent, zinc increased to 72 per cent, and the 
density increased to 185 pounds per cubic foot. The discharge is 
cooled in water-cooled, rotating coolers and stored for shipment. The 
lead fume is collected in cooling chambers and a bag house. The 
first is recirculated because it is too high in zinc, but the bag house 
fume (50 per cent lead and 23 per cent zinc) is returned to the lead 
smelting system. In 15 months of operation 157,530 tons of slag has 
been processed with an average recovery of over 90 per cent of the 
zinc and practically all the lead contained as well as the generation 
of 231,300 tons of steam at 250 pounds gage pressure. 
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SECONDARY METALS 
ECONOMICS 

681. General. “Secondary” metals are those recovered from sCrap 
metals, sweepings, skimmings, and drosses and are so called to distin¬ 
guish them from “primary” or “virgin” metals derived directly from 
ores. Metal returning from the store of metal in use may be referred 
to as “old scrap” in contrast to the by-product of industry designated 
as “new scrap.” Old scrap may be derived from capital goods such as 
buildings, railroads, bridges, and industrial machinery, or from con¬ 
sumer goods such as automobiles, radios, and cooking utensils. In 
general, it may be stated that there is a larger reclamation of metal 
from capital goods than from consumer goods. Furthermore, the 
essential difference between old and new scrap is that the former 
represents metal that has been in use, and is now returning because 
of obsolescence, whereas new scrap is essentially metal which has not 
yet reached the final stage of use. 

682. Conservation. An important aspect of secondary metals is 
the conservation of our national resources. True conservation means 
the prudent use of our national resources without waste or needless 
destruction and that these resources, so far as is not inconsistent with 
our own needs, shall be preserved for the needs of future generations 
of Americans. Records show that from 1907 to 1943, inclusive, approxi¬ 
mately 13,800,000 tons of copper, 7,400,000 tons of lead, 4,600,000 
tons of zinc, 900,000 tons of tin, and 1,600,000 tons of aluminum were 
reclaimed from various sources for reuse. These tonnages have added 
many years of life to our primary sources of supply, and for this 
reason there can be no doubt that their recovery represents a major 
contribution to conservation. There is still room for improvement 
for Dr. W. R. Engels, in a brilliant paper, “The Economics of Old 
Metals,” calls our attention to the fact that up to the end of 1932 
there had been delivered for consumption in the United States 
17,100,000 tons of copper. Of this, he could account for only 
10,100,000 tons in the inventories of metals in use, leaving 7,000,000 
tons of copper that have apparently been lost forever. Although 
some of this tonnage can be accounted for in metal dissipated by 
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wear or abrasion or in chemicals, from which there is no return of 
scrap; the larger part is probably copper used in the fabrication of 
small articles that have become so widely dispersed in use that their 
collection is unprofitable. 

Effect on Metal Prices. The supply of scrap has a very 
marked effect on the price of primary metals. When business is good 
price levels for scrap appear to be determined by the supply and 
demand for primary metals, but when prices reach unreasonaiily high 
levels unexpected supplies of scrap deluge the market and break 
prices. Likewise, when consumption is at a low level, scrap e.verts a 
depressing effect as was demonstrated in connection with copper dur- 
of 1932 (an all-time low of 4.77 cents per pound) 
At this writing the effect battlefield scrap will have remains to be 
determined Many believe it should be sold in the countries where it 
IS now loca ed and where distressing shortages of the metals exist 
Certainly if large quantities of brass, aluminum, nickel, etc., were 
returned to this country, they would have a depressing effect.* 

. Importance of Classification. Tlie classification and sorting 
of scrap metals are tremendously important factors, in which there if 

room for great improvement. Owing to the marked adval t the 

of alloys, the modern junk pile is a very heterogeneous mixture 
Primary copper, for example, does not depart very much from certain 
accepted standards as far as analysis is concerned, but scrap ropp'r 
may contain unlooked-for impurities, and they in turn mav be a 
™rce of embarrassment and difficulty when this copper is used in\he 
m nufacture of certain alloys. In recent years, difficulties in dl cast 

minum°LTzZ i’ Um use of secondary alu- 

type of atr The ’T“u'’=>™'ul to this 

cuKies in tL l Preseuce of these impurities presents major dilli- 
cuities in the reclamation and refining of this materia] Txr • i 
specifications are given below. ypical 

L? metals 

wire not smaller tharN^'l6B'^&S°w''** 'uPPer 

copper wi hich ia^ttranrallX-^^^^^^^^^^^^ -- 

bathlb fn^Ti'wif b boilers, 

linings, ham wire, burnt copper wire which is brittle, roofing 

‘0- of aluminum and 
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copper, and similar copper, free of radiators, brass, lead, and solder 
connections, readily removable iron, old electrotype shells, and ex¬ 
cessive paint, tar, and scale. 

687. Cocks and Faucets. To be mixea, clean, red, and yellow 
brass, free of gas cocks and beer faucets, and to contain a minimum 
of 35 per cent red. 

688. Automobile Radiators (Unsweated). All radiators to be 
subject to deduction for actual iron. The tonnage specification 
should cover the gross weight of the radiators, unless otherwise 
specified. 

689. No. 1 Pewter. Shall consist of tableware and soda fountain 
boxes, but in any case must contain 84 per cent tin. Siphon tops to 
be treated separately. 

690. Battery Lead Plates. 1. Shall consist of lead battery plates, 
moisture not to exceed 1 per cent, allowance to be made for wood, 
rubber, and paper and excess moisture, or 

2. Lead plus antimony content, dry basis, less a treatment charge. 

Note: Contracts covering this item should specify which method is 
to be used as a basis of settlement. 

691. Old, Pure Aluminum Wire and Cable. Shall consist of old, 
unalloyed aluminum wire or cable containing not over 1 per cent free 
oxide or dirt, and free of iron, insulation, and any other foreign 
substance. 

692. Aluminum Die Castings. Shall consist of automobile steer¬ 
ing wheels, brake shoes, and all castings made by the die casting or 
pressure casting process, free of iron, brass, and any other foreign 
materials. Oil and grease shall not exceed 2 per cent. 

693. Block Tin. Shall consist of tin pipe and soda tank lining, 
free of solder and brass connections, pewter, pump strips, and pot 
pieces. 

694. Old Nickel Scrap. Shall be of 98 to 99 per cent purity, maxi¬ 
mum 0.50 per cent copper. All rolled stock, such as sheet, pipe, tubes, 
bars, and rods, should come under this classification. Same to be free 
of soldered, brazed, or welded alloyed material. It shall also be free 
of trimmed seams that have been sweated. Soldered, brazed, welded, 
and sweated material shall be packed and sold separately. All 
painted material shall be packed and sold separately. 

696. Nickel-Silver Clips. Sold on nickel content specifications 
such as 10-12-15-18-20 per cent. Leaded nickel-silver clips should 
be packed and sold separately. A description of its physical charac¬ 
teristics should be made in offering all nickel-silver material. It 
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should also be free of chrome-plated material and any other metal or 
alloy content material. 

696. Secondary Copper and Brass. As currently and loosely u.?ed, 

the term secondary copper includes all copper-bearing material, which 
may be pure scrap copper metal or brass with a copper content of 70 
per cent more or less, or any or all of the many alloys of copper, other 
than brass.^ Common sources of this material are copper wire, copper 
utensils, railroad bearings, cocks, faucets, castings, pipe, brass turn¬ 
ings, automobile radiators. In normal times it is estimated that 
about 44 per cent of the purchases by secondary smelters were made 
from industrial waste, 23 per cent from electrical, 18 per cent from 
railroads, 13 per cent from domestic or city, and 2 per cent from 
automotive waste. In the last nearly normal year, 1938, the total 
secondary copper recovered was of the order of 360,000 tons. 

orld War II brought with it a tremendous increase in the amount 
of secondary scrap recovered, not only because of the acceleration 
n industry but also because of scrap drives which brought out a huge 
tonnage of old metal. As indicated in Table 116, the result wL 


TABLE 116 

Secondary Copper Recovered in the United States, 1943 • 

(Short Tons) 


Secondary Copper Recovered 
Form of Recovery 
As unalloyed copper 
At primary plants 
At other plants 


122,464 

15,419 


In brass and bronze 
In alloy iron and steel 
In aluminum alloys 
In other alloys 
In chemical compounds 


137,883 

912,782 

1,021 

19,396 

1,946 

13,019 


948,164 

1,086,047 


Recoverable Copper Conlent 
of Scrap 

Kind of Scrap Processed 
New scrap 

Copper base 643,623 

Aluminum base 13,348 

Nickel base I’sSS 

Tin base _ 


Old scrap 
Copper base 
Aluminum base 
Nickel base 
Tin base 


658,526 


425,264 

1,664 

409 

184 


427,521 


1,086,047 


* Minerals Yearbook. 
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that 1,086,047 tons, valued at about $256,000,000, was recovered in 
1943. A notable amount of copper came back from bus bars which 
had been replaced with silver (see page 428). Except for scrap 
obtained from our own training camps, or from returning naval ves¬ 
sels, little battle scrap was made available up to this time. Supply 
ships unloading near the battle areas could not often wait to be 
loaded with bulky scrap nor could manpower be spared for its col¬ 
lection in the battlefield areas. Maximum prices, set in August, 
1942, were continued until 1946. 

Other Secondary Metals 

697. Secondary Lead. Most of the lead recovered as secondary 
metal is derived from discarded storage batteries, pipes, sheaths, 
lead-covered cable, type metal, solder, babbitt, and shot. The re¬ 
covery of both lead and antimony from old battery plates has become 
a very important matter in the last twenty years. The American 
Bureau of Metal Statistics estimates that each of the 14,500,OOC 
automobile batteries made in 1938 contained an average of 21.6 
pounds of lead and antimony. The treatment of these batteries 
is very difficult, because of the presence not only of lead oxide but 
also of moisture, rubber, and the separators. (See Article 422.) The 


TABLE 117 

Secondary Lead Recovered in the United States, 1943 * 

(Short Tons) 


Secondary Lead Recovered 

Recoverable Lead Content of Scrap 

Form of Recovery 

Kind of Scrap Processed 

As metal 

At primary plants 

At other plants 

21,634 

36,688 

New scrap 

Lead base 
' Copper base 

22,36] 

9,03( 


58,322 


31,391 

In antimonial lead 

In other lead alloys 

In copper-base alloys 

In tin-base alloys 

176,076 

76,474 

28,625 

1,746 

Old scrap 

Battery lead plates 
All other lead base 
Copper base 

Tin base 

152,64£ 
140,70£ 
16,45£ 
3£ 


282,921 

309,85£ 


341,243 


341,24J 
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output of secondary lead in 1938 equaled 58.6 per cent of the total 
production of refined primary lead from domestic and foreign sources 
in the United States. In the last normal year, 1938, a total of 
224,900 tons of secondary lead was recovered. 

World War II brought with it an increase in the amount of lead 
recovered to a total of 341,243 tons, valued at about $43,000,000 as 
shown in Table 117. As a matter of fact more secondary lead could 
have been recovered but the dealers were hampered by lack of man¬ 
power and lead at first was plentiful (it was not until 1944 that 
lack of manpower placed lead on allocation by cutting down on the 
production of the primary smelters). The armed forces and highly 
paid war industries took a heavy toll of the peddlers who normally 
gathered scrap from farms, households, garages, and stores nor 
could men be found to undertake the unpleasant task of brewing 
up old automobiles, particularly in the winter months Maximum 
p™esJor lead scrap fixed on January , 5 . 1942 continued inT„“ 

698. Secondary Zinc. Secondary zinc is recovered largely from 

asses, die castings, zinc sheet trimmings drosses skirrimm j 

ashes. Approximately 70 per cent of the /inr* r ’a ■ 
by redistilla+Jnn u recovered in 1938 was 

y redistillation, there being seven active smelters usinv 

graphite retorts for such purposes in that vo.r tI I 4 , ® ^ 

of secondary zinc recovered in 1938 l f 1 recovery 

about 221,000 tons ’ 

son of the shortage of rc“L''p ice ■'on- 

oarly in the war by the Offiee^f pL:Td“a'tir 7'“*^ 
larger quantity of a new tvne of scmn frrx +u -A much 

of zinc alloy forming dierentered tL iild and use 

the further production of these dies AnotT 
mgs from the production of zinr. li 

1943 indicated^harthe co:Z^^ ^ - 

trated in the areas surrounding New York p concen- 

10 per cent waa used throuZtl^I^ oTth?::^:'* "" 

as in the detinning of scrap tin plate Old f”’ well 

but usually the cost of transportatLn rente 

of -oh material is treated at^ te Crr; used 
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TABLE 118 

Secondary Zinc Recovered in the United States, 1943 * 

(Short Tons) 




Recoverable Zinc Content 

Secondary Zinc Recovered 

of Scrap 


Form of Recovery 


Kind of Scrap Processed 

By distillation 


New scrap 


Slab zinc 

47,791 

Zinc base 

94,84i 

Zinc dust 

22,336 

Copper base 

189,4b 

By remelting 

8,765 

Aluminum base 

i 


78,892 


284,26: 

In zinc-base alloys 

4,808 

Old scrap 


In brass and bronze 

253,082 

Zinc base 

29,58! 

In aluminum-base alloys 

96 

Copper base 

54,631 

In chemical products 




Zinc oxide 

5,375 


84,221 

Zinc sulfate 

2,707 



Zinc chloride 

11,104 


368,48! 

Lithophone 

11,110 



Miscellaneous 

1,314 




289,596 

368,488 

♦ Minerals Yearbook. 

as a precipitant by copper mines in Utah and neighboring states, 
There are in this country about seven plants treating tin plate clip¬ 
pings and marketing the tin in the form of sodium stannate, tin crys¬ 
tals, tin tetrachloride, and tin oxide. In 1938 about 23,610 tons ol 
secondary tin were recovered in the United States. 

The demands of World War II of course brought an increase to 
37,820 tons, as shown in Table 119, valued at about $40,000,000. 
Detinning plants produced 4327 tons of pig tin as contrasted to 
2491 tons in 1938. Through 1944 every effort was made to in¬ 
crease the collections of used tin cans and the surrender of a used 
collapsible tube when each new tube of toilet preparation was pur¬ 
chased (257 tons of pig tin were recovered in this way in 1943). 
Later this practice declined owing to a greater use of lead-tin alloys. 
In 1943 the seven detinning plants in operation treated a total of 
206.336 tons of new scrap and 175,870 tons of old scrap. On the 
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TABLE 119 
Secondary Tin Recovered in the 
(Short Tons) 


Secondary Tin Recovered 
Form of Recovery 

As metal 

At detinning plants 
At other plants 


In solder 
In tin-babbitt 
In chemical compounds 
In lead-base alloys 
In brass and bronze 


4,327 

925 

5,252 

6,588 

3,112 

250 

3,447 

19,171 

32,568 

37,820 


United States, 1943 * 

Recoverable Tin Content 
of Scrap 

Kind of Scrap Processed 
New scrap 

Tinplate 2,591 

Tin base 2,197 

Lead base 1,708 

Copper base 6,147 


Old scrap 
Tin cans 
Tin base 
Lead base 
Copper base 


* Minerals Yearbook. 


12,643 


1,986 

4,795 

6,542 

11,854 

25,177 

37,820 


most a lilth of those collected. The suhstiti.Unr, f i . V 

for hot-dipping brought about a decline ftra 

of tin recovered from tin plate scrap from 34 03 o h*" 

1942 to 25.12 in 1943. ^ pounds per ton in 

frorataTnum dipt'Z”?- « »bto»ed 

shop scrap. Until md* (he and machine 

maiket was chiefly No 12 ceT” ™ 

aluminum and 8 per ““‘ains 92 per cent 

there were relatively few smeltel prlkmTTtoTh ’ 

^ order . kee; rrwLrrroZio^ 
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alloys, the successful smelter was forced to develop into a real re¬ 
finer. So much so that many refiners operate an experimental 
foundry in which the fluidity and shrinkage of the ingots are deter¬ 
mined before they are shipped to a customer. In 1938 secondary 
aluminum recovered in this country amounted to about 39,000 tons. 

The recovery of aluminum from scrap in 1943 was far greater 
than ever before, as shown in Table 120, totaling 313,961 tons valued 

TABLE 120 

Secondary Aluminum Recovered in the United States, 1943 * 

(Short Tons) 




Recoverable Aluminum-AUoy 

Secondary Aluminum Recovered 

Content of Scrap 

Form of Recovery 


Kind of Scrap Processed 

As metal 

5,926 

New scrap 


Aluminum alloys 

305,357 

Aluminum base 

280,065 

In brass and bronze 

1,279 

Copper base 

724 

In zinc-base alloys 

219 

Zinc base 

78 

In chemical compounds 

1,180 






280,867 


313,961 





Old scrap 




Aluminum base 

32,414 



Copper base 

540 



Zinc base 

140 


33,094 

313,961 

* Minerals Yearbook. 

at about $90,000,000. This sudden increase, and changed conditions, 
brought many problems to the industry. In the first place, country 
scrap, the result of local drives, brought in contaminated scrap which 
gave the secondary smelters much trouble. Later wrecked aircraft 
brought disastrous results in unexploded ammunition, vapor-filled 
gasoline tanks, and oil-charged landing gears. The result was that 
the War Production Board was obliged to prohibit the delivery 
of such scrap to anyone except licensed dealers. In 1943 over 3000 
tons of wrecked airplanes were brought back to the United States 
from battle areas. Naturally it was also necessary to allocate scrap 
as well as place price ceilings on this material. 
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701. Secondary Antimony. Secondary antimony is obtained 
from such alloys as hard lead, babbitt, bearing metals, battery plates 
pewter, type metal, slags, and drosses. The antimony used in pig¬ 
ment, paint, and the ceramic industries is so dissipated that no sec- 
ondap^ recoveries can be made, but a large proportion of type metal 
and bpring metal returns very rapidly for refining. It may take 
sevpal years for antimony in battery plates to return as scrap, but 
probably So per cent is certain to come back for reuse In 1938 

as an e.xample of a prewar year, 8500 tons of secondary antimony 
were recovered in the United States. simony 

In 1943, as shown in Table 121, the recovery totaled 15 483 tons 
valued at about $5,000,000, The amount teoovered was actual" 

TABLE 121 

Secondary Antimony Recovered in the United States, 1943 * 

(Short Tons) 


SecoTuiavy AniiTTioTiy Hecoveved 
Form of Recovery 


In antimonial lead 
In other lead alloys 
In tin-base alloys 
In copper-base alloys 


9,255 

5,444 

784 


15,483 


Recoverable Antimony 
Content of Scrap 
Kind of Scrap Processed 
New scrap 


Lead base 
Tin base 


Old scrap 
Lead base 
Tin base 


62 


62 


15,109 

312 


' Minerals Yearbook. 


15,421 

15,483 


tent of"Lueirgridl^had 

>942, and finally Ma ch m3 ‘a” 

tion of the metal increased. Ceiling ^ .domestic produc- 

last adjusted at 15.50 cents per antimony scrap were 

April, 1942. contained antimony in 
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702. Secondary Nickel. Most of the secondary nickel recovered 
comes from scrap nickel anodes, nickel silver, copper-nickel alloys, 
and Monel metal. The nickel reported in Table 122 does not include 


TABLE 122 

Secondary Nickel (Non-Ferrous) Recovered in the United States, 1943 * 

(Short Tons) 




Recoverable Nickel Content 

Secondary Nickel Recovered 


of Scrap 


Form of Recovery 


Kind of Scrap Processed 

As metal 

796 

New scrap 


In nickel-base alloys 

2705 

Nickel base 

4385 

In copper-base alloys 

2096 

Copper base 

673 

In cast iron 

522 



In chemical compounds 

798 


5058 


6917 

Old scrap 




Nickel base 

1215 



Copper base 

644 


1859 


6917 

• Minerals Yearbook. 

that recovered in the form of ferrous alloys. Incidentally, in normal 
times, about 42 per cent of the nickel consumed in the United States 
is used in nickel iron and steel, mainly in motor cars, railway and 
aeronautical equipment, heat-resistant alloys, and machinery. In 
the prewar year of 1938 about 2300 tons of secondary nickel were 
recovered in the United States. 

In World War II this was naturally increased to 6917 tons, valued 
at about $5,000,000. Early in the war nickel scrap was segregated, 
and prices fixed, which situation prevailed into 1945. Even the use 
of nickel in coins was stopped in 1942. 

703. Prices of Secondary Metals. For the purpose of compari¬ 
son, and in order to show the prominent role played by secondary 
metal in our industry, prices of both primary and secondary metal 
are given in Table 123. These prices cover only a few of the more 
common forms of scrap. Those interested in a more complete 
coverage of this subject are referred to the classification drawn up 
by the Metals Division of the National Association of Waste Mate¬ 
rial Dealers. 



SUGGESTED REFERENCES 
TABLE 123 

Prices of Secondary Metals 
(St. Louis) 


No. 1 copper wire 

Light copper 

Heavy yellow brass 

Automobile radiators 

Brass pipe 

Battery plates 

Old zinc 

New zinc clips 

Mixed babbitt 

Block tin pipe 

Small foundry type 

Electrotype 

Electrotype dross 

Duralumin clippings 

Aluminum borings and turnings 

Nickel turnings 

Monel clippings 


Cents per Pound 
January, 1946 

9.50 

7.25 
5.00 
6.00 

6.25 
3.15 

3.50 
4.75 
6.25 

45.00 

6.50 
5.00 

2.50 
2.50 * 

1.00 * 

15.00 

12.00 


Primary Metals 
Copper (electrolytic) 

Read (desilverized) 

Zinc (Prime Western) 

Aluminum 

Antimony 

Magnesium 

Tin 

* Reflects the great surplus of aluminum at this time, 


12.00 

6.35 

8.25 

12.50 

14.50 
35.00 
52.00 


references 

rZtJTutu- 

Company, NewVo^TflSO.^^'^^ Residues, D . Van Nost 
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MARKETING OF BULLION, ORES, AND 
CONCENTRATES 

• 

704, General. Theoretically, every producer of an ore or metal¬ 
bearing material might erect a plant for the recovery and refining of 
the various contained metals. Actually most producers are unable 
to do this. First, because a large smelter must be assured of con¬ 
tinued supplies of raw material which the small producer is unable 
to obtain. Second, because the large customs plants, in purchas¬ 
ing a great number of ores (calcareous, ferruginous, siliceous, etc.), 
often find in one ore the fluxing constituents for another. In contrast 
to this, a small smelter treating the one ore might be obliged to 
bring worthless fluxing materials long distances at exorbitant costs. 
Furthermore, many small smelters are warranted in extracting only 
the principal metal, leaving the recovery of the precious or uncom¬ 
mon metals to larger and better-equipped plants. 

A smelter, purchasing ore from many independent mining com¬ 
panies, is called a “custom” smelter, and the ore so purchased is 
called “custom” ore. Some smelters are independently owned and 
treat ore almost entirely on the custom basis. Others, on the other 
hand, do very little custom work, being engaged almost entirely in 
treating the output of their own mines. Almost any smelter, how¬ 
ever, will buy custom ore if it is of such a type that it can be used 
as a flux or be readily treated along with the regular ore supply. 

Transportation playing such an important role in the reduction of 
these metalliferous products, they are treated at strategically located 
points throughout the country. Usually these smelters reduce and 
refine but one or two metals, in exceptional cases five or six. For 
example, a smelter at El Paso, Texas, might accept for treatment 
any kind of copper or lead ore; one at Danville, Illinois, any kind 
of zinc ore; and a refinery at Perth Amboy, any kind of copper bul¬ 
lion. Although the operator of a custom smelter is frequently 
likened to an avaricious monster seeking to devour the poor innocent 
producer, actually he is endeavoring to make a small profit under a 
very difficult set of conditions. He must accept all kinds of mate- 

544 
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rials, wet and dry, fine and coarse, rich and poor, and sample 
material accurately so that he will not be obliged to pay the pro¬ 
ducer for more metal than the ore contains. He must then cairv (jn 
the reduction and the refining of such variable materials sm as to 
recover, in the presence of many troublcscmie impui'ities a ]ii<di 
percentage of these metals. Furthermore, he must be able to antau- 
pate market conditions and not become loaded up with unsalable 
rnetals or by-products on a falling market. In short, the miners 
t oubles are usually ended when he has loaded the material into a 
^ilroad car, but the smelter operator’s troubles have just be-un 
e must face the risk of a considerable loss up to the moment when 
markets his last pound of copper or ounce of .‘silver 
705. Smelting Schedule. The purchasing of iiietalliferotH prod 
ucts, such as ores, concentrates, flu.xcs, fuels, scrap, etc., is carried on 

ufe ” This H - 

penSfpZrS 

ment such I” ‘'"S contract ail conditions of settle- 

ment, such as the percentage of the total metal to be nai.J f r d 

basic smelting charge, penalties for impurities grades of ore V 
than a certain standard, and bonuses Lr hSef 

individual items Iv va“ Odeu. although 

individual smelters, the net return to*the ^ schedules of 

under two contracts tf . n ! , *'"= ^nme 

which can be supplied at a ernstan^Tat:, he'winTge ,"’"1“'''“' 
a separate (and usually more favorahlei p + 1 S ncral, obtain 

the smelter to cover theseTLIT . S’ 

schedule. Obrusiv unW T "npen" 

is paid according Jlhis open theX “ “ 

from an ore iTd therreimTTe Tf 

The ore is carefully sampW L S™" 

agreed upon the correct Lav valuf f ''“'’n 

outright by the smelter. The Ltabed “‘Sis Purchased 

ne contained metals are then the property 



PENALTIES I PAYMENTS 1 CHARGES 


546 MARKETING OF BULLION, ORES, AND CONCENTRATES 


TABLE 124 

Schedule of Prices, Penalties, and Deductions* 


SCHEDULE 

FOR 

COPPER SMELTER 

Base treatment 
Charge per ton 

$4,00 charge up to gross 
value of $25.00. Over 
$25.00 add 10% of excess 
up to maximum charge 
of $6.00. 

Gold 

Pay for 94% @ 834.9125 
for first 5 oz. per ton. 
95.5% for second 5 oz. 
per ton. 97% for all over 
10 oz. per ton. 


No payment for less than 
0.03 oz. per ton. 


Copper 


Arsenic and 
Antimony 


of $6.00. 


Pay for 96% @ S.77 per 
oz. Minimum deduction 
I 02 . per ton. 

Pay for 100% less 15 
pounds copper per ton @ 
market price less 2.5 
cents a pound. 


Pay for 1007o @ $19.00 
per oz. 

I'or first 5 oz. add 90% 
of $11.2425 ($34.9125 — 
old price $20.07) per oz. 
For second 5 oz. add 
92.5%.. 

For all over 10 oz. add 
95%. 

No payment for less than 
0.02 oz. per ton. 


Pay for 95% @ $.77 per 
oz. Minimum deduction 
1 oz. per ton. 

Pay for 100% less 20 
pounds copper per ton @ 
market price less 6.5 
cents a pound. 



Pay for 50% @ market 
price less 3.5 cents a 
pound. 

Pay for 90% of wet assay 
less 1.5% @ market 
price less 1.5 cents a 
pound. 


Pay for excess @ 6 cents 
a unit. (Excess = % Fe — 
% insoluble.) 



ZINC PLANT 

S19 00 ba.sed on price of 
4 cents a pound for spel¬ 
ter. Add or subtract 
S.'i.OO for each cent 
change in market price. 
Fractions in proportion. 

Pay for 65% @ $19.00 
per oz. plus 90% of 
$14.2425 ($31.81). 


No payment for less than 
0.03 oz. per ton. 


Pay for 65% @ $.77 per 
oz. Minimum deduction 
1 oz. per ton. 

Pay for 65% @ market 
price, less 5 cents per Ib. 
No payment for less than 
1 %. 




30 cents a unit in excess 30 cents a unit in excess 
of 6. of 6. 


8 cents a unit for excess 
over iron. 


Pay for 82% @ St. 
Louis price for Prime 
\Vestorn less 0.275 cent a 
pound, when zinc con¬ 
tent is 45%. A deduc¬ 
tion is made when zinc 
assay less than 45%. 


50 cents a unit in excess 
of 5. 


$1.00 a unit in excess 
of 1. 



25 cents a unit in excess 
of 3 up to maximum 
charge of $2.50. 


50 cents a unit in excess $1.00 a unit in excess of $2.00 a umt in excess of 

of 2. (Penalty at some 1. Penalty includes tin 0.5. 

plants exceeds this, prac- also. (At some plants the 

tically excluding arseui- antimony penalty has 

cal concentrates.) been discontinued.) 



50 cents a pound in ex¬ 
cess of 1 pound per ton. 
Right reserved to reject 
shipments with more 
than 0.1% bismuth. 


* By permiarion of Denver Eguipmetu Co. 
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moisture 

i)‘±l 

of the smelter, who reduces, refines, and markets them under what 
he considers to be the most favorable conditions. 

« ''' ^^s'ness to make 

profit and, like other institutions, is confronted with problems of 

overhead insurance, taxes, obsolescence, etc. The item of interest 

n investment and stock is greater than in the average operation 

the same magnitude because of the high values of the raw mate- 

ordinarily m stock. Likewise, amortization charge is large be 

Thi Ob'!'"“V" 

p“. ’rx;;irered TdiTgivt t 

general provisions 

706, Delivery. Shipments are paid for f n h u 

tTaz: 

rates vary according to the grade of ore radicated bZ" 


From 

Lordsburg, N. M. 
Park City, Utah 
Goldfield, Nev. 
Idaho Springs, Colo. 


To 

Douglas, Ariz. 
Salt Lake, Utah 
Salt Lake, Utah 
Leadville, Colo. 


Value per Ton of Copper 
(iTid Lead Oves 

$10 

$50 

$100 

$1.00 

$3.10 

$4.50 

0.75 

1.50 

2.00 

3.50 

6.70 

10.00 

2.75 

4.00 

5.00 


shipper. 


rtudy. and none 'of theseThouid e'”?*”*'' 

dry there is always a dusting loss at tTe re'ir^Z T "’’“'“‘oly 
a <n.mmum moisture reductfon of 1 per cen t'a“ 1 T 
he concentrate, the more water musfbe eft 
It IS much better to pay freight on n iT+i ^ Prevent this. 

-%Tdr;t:trgraZv^--^^ 

-tore. mS Znl aT^ZZ^Z™? 
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the smelter so that mill and smelter assays check more closely and 
obviate an extra charge for sampling. 

709. Weighing and Sampling, The moisture sample is always 
taken at the time the car is weighed. The sampling of the material 
is carried out by standard methods (usually by mechanical sam¬ 
pling) in the presence of the seller’s representative. Smelter charges 
being based upon tons treated, and almost as much work being 
required to sample a small lot as a large one, a sampling charge for 
small lots is frequently levied. 

From one to four samples may be taken from an individual lot for 
checking purposes, but in the majority of cases there will be only an 
original and a duplicate. It is customary to retain the rejects from 
samples until the whole transaction has been completed so that a 
resample may be taken if required. The final pulp, consisting of a 
few pounds from each sample, is carefully dried at a temperature 
slightly above 100°C, screened through a 100-mesh screen, and 
divided into four portions, one for the buyer, one for the seller, one 
for the umpire, and a fourth as a reserve to replace possible loss of 
any of the first three. The shipper’s pulp is delivered to his repre¬ 
sentative for independent assay and analysis. Results are compared 
with those obtained by the smelter and, if within “splitting limits,” 
settlement is made according to the contract. Common splitting 
limits are: 


Copper 

0.25 to 0.50 per cent 

Lead 

0.50 to 1.0 per cent 

Zinc 

1 per cent 

Insoluble 

0.2 per cent 

Silver 

0.5 ounce per ton 

Gold 

0.03 ounce per ton 


If results do not check within these limits, the pulp reserved for the 
purpose is sent to an umpire assayer. When the three results are 
obtained it is customary to agree on a result between the other two, 
or on the one the umpire may check exactly. Should there still be 
discrepancies not remedied by repeating the assays, or if the original 
and duplicate samples are far apart, the whole lot may be resampled. 
If this involves extraordinary expense, the smelter operator whose 
results depart most widely from those finally accepted bears the 
expense of the extra sampling. 

710. Metal Prices, Time of Payment, Bonuses, and Penalties. 
These are indicated in tabular form in Table 124. They will vary 
somewhat from smelter to smelter depending upon local smelting, 
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flux, fuel, and labor conditions. The time of payment will also vary; 
for example m one lead schedule, “will pay for silver value, less 
charges, 30 days after arrival of shipment at the refinery; for the 
lead value, less charges, 45 days after delivery at the refinery”; 

and m a copper schedule, “payment to be made 75 days after the 
arrival of the shipment at the refinery.” 

^ 711. Weights. All calculations are based on dry weights. A ton 
is 2000 avoirdupois pounds. An ounce of gold or silver is a troy 
ounce A unit is 1 per cent of a ton or 20 pounds. (In Mexico, 
an^d other countries using the metric system, a ton is 1000 kilograms 
whereas gold and silver are_ reported in grams. A unit is then of 
course, 1 per cent of 1000 kilograms or 10 kilograms ) 

712 Base Smelting Charge. This is an arbitrary charge in¬ 
tended to cover interest on the capital invested, labor, fuel, repairs 
and depreciation involved in smelting one ton of ore, and it varies 
with the grade of the ore from, say, $5.00 for ore worth $14 00 per 

Ter’ton. ^ than $50^0 

marketing copper ores 

713 General. In view of the fact that modern copper smeltine 
performed largely m reverberatory furnaces and much of the 

suhur rs ehmmated during this operation, there is normaTy L roast 
.ng charge, although some plants do penalize for line Iteial 
Wberatory smelting of matte permits the use of a LI tor 

iron or siltTatthr””*’’' made for 

may a«ectrsitrn:re:er LtLh'af “ 

copper prices resulting in the nroduotinn 

to readjust the flux balance ^ concentrates tend 

than lead plants for t ”Lpltron “ I 7 

in the lead plants is in th» r? ‘ PP"’ “ recovered 

lead. This by ptdlt retirr,;!- ™ 

ing step, and transportation to the 877^0^ V 

for converting. On the n+lioT. lao ,4 ™eiter, before it is ready 

payment whatever for lead because thTS 

or absorbed by the slag. Someta ^ 

ment for the recovery of fume make I ^ accessory equip- 

y lume make a small payment for lead that 
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is saved in this form, although it is very expensive to retreat and 
frequently contains large quantities of impurities such as arsenic, 
selenium, and tellurium. It is therefore obvious that, when concen¬ 
tration and transportation facilities permit, both a lead and a copper 
concentrate should be produced from such complex ores. 

MARKETING LEAD ORES 

714. General. As a rule, lead smelter schedules are somewhat 
more involved than others. This is partly due to following early 
customs and partly to the attempt to provide for all contingencies 
in the treatment. 

Sulfur is always penalized, although in some schedules the penalty 
is not shown but is included in the base charge. Some charge must 
usually be made for sulfur because it is necessary to carry on the 
preliminary operation of roasting in order to prepare the ore for 
smelting. As a matter of fact, in many modern plants the ores, and 
always the concentrates, are sintered twice or even three times so as 
to insure maximum sulfur elimination and provide a porous material 
more nearly suitable for smelting. 

Lead is the collector of the precious metals, and a minimum of 
about 10 per cent is necessary for proper silver and gold recovery. 
In recent years the production of lead concentrates has increased 
to the point where the average smelter has ceased to be concerned 
about the percentage of lead on the charge, but greater production 
of dry ores (ores without lead), because of the higher gold price, has 
altered the situation again. There is one plant that pays a premium 
for lead because the normal ore supply is deficient in that metal, 
whereas another smelter actually penalizes the lead in excess of 50 
per cent. In the early days of lead smelting, the lead content was 
determined by fire assay; but the more satisfactory wet method, 
which shows more lead, is now used. During the transition period 
it became customary to adjust the difference by deducting 1 to 1^^ 
per cent for the wet assay. Although this deduction might easily 
be absorbed in other adjustments, the custom of deduction is still 
followed in many plants. 

The lead smelter must maintain the balance between iron and 
silica within fairly close limits. Usually the deficiency is in iron, 
and rather than add barren, or almost barren, iron flux at times in 
order to maintain this balance, the smelter usually prefers to pay a 
premium for iron and penalize for silica. Manganese is considered 
eauivalent to iron but is rarely present in concentrates. The silica 
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penalty is expressed as “insoluble.” Since the “insoluble” determi¬ 
nation is less expensive for both the shipper and the smelter, and a 
small amount of other elements, principally alumina, which are in¬ 
cluded in the insoluble is also detrimental, the insoluble on the 
v hole is a perfectly fair basis of settlement. Lime being a necessary 

constituent of the blast furnace charge also receives a credit at most 
plants. 

Zinc has probably caused the lead metallurgist more worry than 
any other element; hence the high penalty. When the zinc is com¬ 
pletely oxidized, furnace operation may be improved by using more 
iron, but this increases the smelting cost and the slag losses. Zinc in 
the form of sulfide is much worse for it causes the formation of zinc 
mush, of low specific gravity, which cannot be separated from the 
slag, and this mush always absorbs silver. Zinc sulfide forms incrus¬ 
tations m the furnace which greatly reduce the efficiency. It is one 
reason for going to an extreme in roasting practice (although it is an 
expensive operation) in order to convert as much of the zinc as possible 
0 the oxidized form. Smelters have consequently reduced the amount 

bsta^'es ^ 

Arsenic when present in the blast furnace charge is largely vola- 
uc s rt ' contaminates the dust chamber prod- 

sathl 'he flue dust fume is expensive and, although 

salable arsenic IS recovered, the sale of it is a source of more a^ 

more difficulty in view of increased competition from foreign sources 

t/reaf ^ 

along w^h thHnt 'he base bullion 

along with the antimony and tin; consequently the penalty on these 

three metals is based principally on the added burden on th r 
unger, and lorm more lead-bearing bv-nrodiTP+Q At-o • x- 

fined ™taTnc ^ - 

but it ie not removed in convention!] pracUet -Z 

may contaminate the refined lead to a point where it 21“! 
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able, at standard prices. For these reasons most smelters have re 
served the right to reject any shipment containing appreciable quan 
titles of bismuth. 


MARKETING ZINC ORES 

715. General. Ordinarily at a zinc distilling plant, and fre¬ 
quently at zinc electrolytic plants, the only metals recovered are 
zinc and cadmium. Other values if present remain in the residue 
and have not been benefited by the treatment, except in so far as 
the removal of most of the zinc may make them amenable to further 
treatment. Of course this concentrates these other metals. Base 
charges for zinc concentrates are very high, comparatively speak¬ 
ing, because of the cost of the process, particularly as regards the 
item of fuel, which is usually gas. Moreover the recovery is not 
so high as in lead or copper plants, and the percentage deduction 
is consequently greater. It is also easily understood that, because 
of the fuel cost and lower percentage of recovery, low-grade mate¬ 
rial cannot possibly be treated. Gold, silver, lead, and copper, if 
present, may be paid for, but the percentage deductions from their 
market value are greater. The zinc content of the distillation residue 
is always higher than desirable for subsequent smelting, and, since 
this residue must be shipped to a lead or copper smelter for treat¬ 
ment, the payments for gold, silver, lead, and copper are lower than 
for ores ordinarily treated at such smelters. The electrolytic proc¬ 
ess for zinc is quite different, but, involving a larger capital outlay, 
high electric power cost, and a much larger technical staff, the basic 
treatment cost is comparatively high. 

IMPORTANCE OF CONCENTRATION 

716. General. From the above discussion of the effect of the 
various constituents of ores on smelter practice, we can readily see 
that the maximum return is obtained when lead, copper, or zinc 
concentrates are shipped to the respective plants specializing in 
their treatment. For example, if a lead-copper concentrate is shipped 
to a lead smelter, the shipper receives about 4 cents a pound less 
for the copper; but, if this same lead-copper concentrate is shipped 
to a copper plant, the shipper is paid for only half the lead and gets 
2 cents a pound less for that lead. If the lead and copper minerals 
are concentrated into separate products by selective flotation and 
each is shipped to the proper smelter, the shipper receives the maxi¬ 
mum return on both. This difference in net return is still more 
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apparent when zinc is considered. This nielal is A-ery undesirald.- 
in ores and concentrates for lead and coi)per smelters; Consequently 
the shipper not only receives nothing for the zinc but also is penal¬ 
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CHAPTER 29 


THE USE OF PHYSICAL CHEMISTRY IN 
METALLURGICAL PROCESSES 

717. General. In the past many of our metallurgical processes 
were relatively simple and easily carried out. After the discovery of 
a basic reaction by means of which a process could be carried out 
it was frequently pretty much of a mechanical development, during 
which costs and efficiencies were improved. Relatively little atten¬ 
tion was paid to the basic reaction. Modern metallurgical processes 
are often complex, sometimes extraordinarily so (see discussion of 
the distillation of zinc, page 490). Furthermore the use of thermo¬ 
dynamic calculations makes it possible to answer many practical 
problems in metallurgy and is of particular value in investigating 
processes difficult or expensive to carry out experimentally. Fre¬ 
quently we want to know how a fuel can be used to the best advan¬ 
tage in the distillation of zinc. Can litharge be used to refine lead? 
How low can we hope to reduce the oxygen in fire-refined copper? 
What proportion of the cadmium in solution can we precipitate with 
zinc? The determination of many equilibria and end points in 
metallurgical reactions are difficult or impossible to determine ex¬ 
perimentally. With adequate thermodynamic data we can fre¬ 
quently calculate these equilibria and also isolate certain reactions 
not possible by actual experiment. The following examples are 
given to show such applications and to encourage the metallurgist 
to resort more frequently to this method of attack. Formerly there 
was a lack of adequate data. The United States Bureau of Mines, 
however, in the papers of Dean, Maier, and Kelley have added 
greatly to our store of knowledge and given impetus to this method 
of attack. 

718. Fundamental Principles. The fundamental thermodynamic 
properties of any substance are: 

ah®—^T he heat of formation, i.e., the increase in heat content 
of the substance as compared to its constituent elements. 

AF®—^The standard free energy change, i.e., the increase in avail¬ 
able energy of the substance as compared to its constituent elements 
at same T and P. 
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S —The entropy. 

A5-The entropy increase of the substance as compared to its 
constituent elements. 

The heat of formation of a substance is the amount of heat ab¬ 
sorbed when a compound is formed from its elements and may be 
measured by permitting the compound to form in a calorimeter 
Attempts have been made to calculate equilibria from heats of forma¬ 
tion, but as will appear shortly such calculations can be accurate 
only when Aff ^ and AP» are equal. The heat of reaction is not a 
measure of the free energy or "driving force” because the heat which 
IS measured in this way contains two quantities, the energy of the 
reaction and the heat which is squeezed out or absorbed by the 
fence in the heat capacity of the reactants and reaction prod- 
u . This latter quantity is often much too large to neglect. The 
of these quantities is the free energy, the second the entropy 
f the free energy, is the maximum useful energy which may 
be obtained by the formation of the substance under the conditions 

conditions The tree energy is not necessarily equal to the heat of 
action since the heat content of the product ot the reacLn may 
be different from the reactants; all the heat ot formation may not 

to th?hL ' r ““Sy than corresponds 

to the heat of reaction may be available. The heat of reaction and 

e free energy are purely relative quantities and are only defined 

by the assumption that the corresponding quantities for the consttu 

nt elements in the arbitrarily selected state are zero. The remain 

a/d r;onsrn7Iie^^^^^^^ 

AF° = AH° ~ TAS 

where T is the absolute temoeratnrA Tia a 
determined from the specific Lats over 
perature. Mathematically expressed, it is 




its constituent element^^ difference between the substance and 



556 PHYSICAL CHEMISTRY IN METALLURGICAL PROCESSES 


If we know the three fundamental thermodynamic properties 

and AaS^ or the corresponding formulas for specific heat for all 
the substances entering into the reaction, we may calculate with great 
accuracy the equilibrium at any temperature and pressure. 

First the specific heat change is determined and expressed by the 
formula 

ACp = ATo ATiT + ATzT^ • • • 

To, Ti, and T 2 being constants determined from experiment. 

The value of AF° and AH° at any definite temperature must either 
be determined or known from the literature. We then substitute in 
the formula 

AHt = AHq + AToT + iATiT^ + ^ATa?’^ 


and in the formula 

AF°T = AHq - AToTln T - ^AT^T^ - iATaT^ + IT 


and evaluate I, the integration constant. 

We are then in position to calculate AF°T, from which we calcula^ 
the equilibrium constant K from the equation 

AF° = ~RT\nK 

where K is the equilibrium constant obtained from the action 
expression for the reaction. X 

The values which are necessary for such calculation^ are then ACp, 
AHt, and AF^t for all the substances entering into tlvo reaction. When 
these values are known for all metallurgically important substances, a 
powerful tool will be in our hands for solving dfifficult problems. 

Let us not confuse these equilibria and^’tes of reaction. These 
calculations give us only end points or equilibria for the reactions and 
not their rates. This does not diminish their usefulness because rates 
can be changed by stirring, finer grklding, or catalysts. The thermo¬ 
dynamic equilibrium constant cannot be changed in this way. 

The sign of the free energy change of a process is very significant. 
For example, when the driving tendency of a reaction 

A+Bm^C + D 


is from left to right, energy is emitted on reaction, and the sign of AF 
is negative. A minus sign denotes, therefore, that heat is given off 
and that the reaction tends to proceed spontaneously. When the 
tendency is from right to left, however, net work equivalent to AF 
has to be absorbed in order for the reaction to proceed in the direction 
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indicated and AF is positive. A positive sign for signifies, there¬ 
fore, that the reaction in the given direction is not spontaneous. 
Finally, when the system is in equilibrium, there is no tendency to 
proceed in either direction. Hence ^F = 0. These three possible 
conditions may be summarized as follows: 


A + B C + D 
A + B ^ C + D 
A-\- B C + D 


AF = — Q (spontaneous) 

^F = -^-Q (nonspontaneous) 
AF = 0 (equilibrium) 


The arrows indicate that the directions of the reactions tend to 
follow spontaneously for the given sign of the free energy change. 

A negative free energy change for a process does not necessarily 
mean that the process will take place. It is merely an indication 
that the process can occur provided the conditions are right. Thus 
oxygen and hydrogen in the volumetric ratio of 1:2 can coexist in¬ 
definitely at room temperature without combining to form water 
a though AF for the reaction at 25°C is -56,990 calories per mole 
of water. When a catalyst like platinized asbestos is introduced 
however, the reaction proceeds with explosive violence. Even with’ 
a catalyst, however, the reaction would have been impossible had 
not the potentiality to react been present. It is the sign of the free 
energy change which determines whether this potentialitv to react 
exists, and it is the magnitude of the free energy change which tells 
us how large that potentiality is. 


L reduction of cuprous o.xide 

y carbon monoxide is important in establishing the proper o.xygen content 

refined copper. Let us determine ^ the limit to which this reduction 
can be carried, the reaction being reduction 

Cu20(c) + CO(^) = 2Cu(c) -1- COiig) 

Now from the mass action law we may write the equation 

■^^cu)'A(co,) _ ^ 

■^(cujO) -^(CO) 

where A represents the activities of the various reactants 

actiW^Tthe and the 

may write for this case ^ proportional to its partial pressure, we 

•^(002) _ Pecog) 

A ^ ^ 

•^(CO) P(CO) 

‘ U. S. Bureau of Mmes, Information Circular 6395. 
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Now the problem is to calculate this ratio of CO/CO 2 which may be preser 
when both Cu and CU 2 O are present. Any CO/CO 2 higher than this wi 
suffice for the reduction of free CU 2 O. This is done by means of the equatio 

AF° = -RT In K 


and free energies and heats of formation of the reactants and products an 
summarized in Table 125. 

The specific heats of the several substances can also be obtained from th 


literature, being 

Cp(cu) = 4.89 + 3.36- lO-^T - 6.7-10-^T2 (] 

C*p(CU20) — 11.75 + 1.0-10-2T 

C'p(co) = 6.50 + 1.0-10-3T (S 

Cp(co2) = 7.0 + 7.1 • lO-^T - 18.6- lO-’T^ 

From this we get (2) + (3) — 2 - (1) + (4) 

Cp(reactlon) = - 1.47 + 2.S-10-^T - S.2-10-^T^ (f 

(ATo) ' (AT,) (AT2) 


Now the heat of reaction AH is not constant but varies with the tempen 
ture according to 


jdAH) 

dT 


ACj, 


(f 


Now Cp is expressed by the empirical formula 

Cp = To + T,T + TiT^ 


ACp = ATo + ATiT + ATaT* 

and in equation 5 we have the values of ATo, ATi and ATj. If we combin 
this equation with equation 6 and integrate, we get 

AHt = A//o + AToT + h^TiT^ + lAT^T^ 

Using the values for the constants as in equation 6, we get 

AHt “ A//o - 1.477 + 1.4.10-»r» - l.M0-«r* 

Then from the relation AF° = AH — TAS, differentiating d(AF/T)/d. 
- -AH/T\ combining with equation 6, and integrating, we have 

AF^t - A//o - £^toT In 7 - iA7i7* - iA7a7» -|- IT 


using values for constants 


- Am + 1.477 In 7 - 1.4-10-^7> + 6.10-«7« + IT 



fundamental principles 

substitutmg values and evaluating the integration constant I, we get 
-27,720 = A//o - 438 + 124 - 29 
Ai/o = -27,380 
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and 


Hence 


27,080 -27,380 + 2,496 — 124 + 15 + 298/ 

/ = -7.01 


= -27,380 + 1.47rin T - 1.4.10-3^ + 0.510-<*T^ - 7.017’. 

9 RT\i\ K, the results of whicli are tabulated in Table 125. 

TABLE 125 

Free Energies and Heats of Formation 


^F°298 

CU20 -34,670 

CO 2 -94,260 

CO -32,510 

Reaction -27,080 


A//298 

-40,380 

-94,240 

-26,140 

-27,720 


I y T gas is made up entirely of CO and CO ti-o i 

late the partial pre.u.e of CO to be'’o.085 

Exprtsaed m percentage thia nreana that = 0.011 per cent carbon nron- 

Ortde m an atmosphere of CO, will be sufficient to reduce solid C„ n va 
Cu at the melting point of copper. ^ ^ ^ 

eprLCja“U:rru'::s"alT^^^ 

AF°i3jg = -22,569 
logK = 3.1635 
■fir = 4.3-10* 

P(co) = 0.14 mm 

Contrast this with p,co) = 0.011 in the solid state. 

calcination of 

Soludon: The reaction under discussion is ' 

CaCOaCc). (CaO)(c) + CO,(g) 

*c = macrooiystallme state; I =. liquid state- « 

uquia state, g » gaseous state. 
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AH for the above at 29rK = [-151,700 + (-94,000)] - (-289,500) 
= +43,400 cal at a temperature of 1791°K. 

^1791 rtl791 

AH = AH29i<>k + I (CpdT) products — I (CpdT) reactants (1) 
1/291 Jm 


Cp of CaC 03 (c) = 19.68 + 11.89 X lO”'’?’ - 3.076 X 1057’-2 
Cp of CaO(c) = 10.00 + 4.84 X 10-»T - 1.080 X lO^T-^ 
Cp of 002 ( 9 ) = 7.70 + 5.30 X lo-^r - 0.83 X io-«r 


Substituting in equation 1, we have 

^1791 

AH - 43,400 + I (-1.98 - 1.75 X lO-^T + 1.9996 X lO^T 
J291 

- 0.83 X 10-«r) dT = 33,850 cal 
The entropies for this reaction are; 

S of CaC 03 (c) at 298°K = 22.2 cal/mole/°C 
S of CaO(c) at 298°K = 9.5 cal/mole/°C 
S of C02(ff) at 298°K = 51.0 cal/mole/°C 

Therefore, 

AS at 298°K = Sproducts Sroactnnla — 38.4 Cal 


-2 


AS from 298° to 1791°K 


^1791 

J29H 


C^T 


298 'I' 


AS for CaC 03 (c) from 298° to 1791 °C 

19.68 


AS for CaO(c) 


= rYl^ +11.89 X 10-3 
j298 \ T 

_ r"'“'/io^o 

J298 \ 7’ 




076 X 10® 


+ 4.84 X 10-® - 


T3 

1.080 X 10® 


^dT = 24. 

AS for C02((7) = + 6.30 X 10"* - 0.83 X IQ-'^AdT = 20.5 

J 29 H \ / ' 

AS for the reaction at 1791°K = 30.4 cal 


dT ~ 53.2 cal 
7 cal 

0 cal 


AF = AH - TAS 

AF 17910 K - 33,860 - (1791 X 30.4) = -20,960 cal 
AF = -RTCnKp , 

Kp - 34.4 

This indicates that the reaction is practically complete at 1600°C. 
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721. Problem HI. Calculate the equilibrium constants for the progre 
reduction of iron oxide at 700°C. 

SFeaOaCc) + CO(g) 5=^ 2Fe304(c) + C02(ff) 

S's = 3(21.5) + 46.2 2(35.0) + 51.1 

AS 298 ®k == 10*4 cal A 59730 K = 3.60 cal 

= 3(-198.5) (-26.84) 2(-266.9) (-94.45) 

A^f 298 ®K — —5910 cal 

A^ 9730 ;k — —2310 cal 

AF 2980 K-5910 - (298 X 10.4) = -RT In K 

■®f 298 ®K = 10®.'®® AjP 973 OK — 5840 

-K^973°K = 20 

Similarly for Fe 304 (c) + CO(ff) ^ 3FeO(c) + C02(ff) 

■^973®K = 9.6 

And for FeO(c) + CO(g) Fe(c) + C02(g) 

fi:973°K = 5.35 


722. Problem IV. The reaction between cuprous sulfide and oxide 
nearly to completion at slightly elevated temperatures. Compare this 
calculation, with the similar reaction 

2ZnO(c) + ZnS(c) -> 3Zn(g) + S02(ff) 

We may obtain from the literature ^ the following data: 

Cy(3Zn[gas]) = 15.0 

Cp(S02) = 7.70 + 5.30-10-®r — 0.83-io-®r2 
Products 22.70+ 5.30 • 10“®r — 0.83 • lO'^T* 


C'p(2ZnO) = 13.26 + 22.52-lO^r - 4.722-10-®^^ 
C'p(ZnS) = 7.05 + 15.15-lO-^r - 0.917-lO'®?^ 

Reactants 20.31 + 37.67-10~®!r — 5.64 - 10 “®!^ 

ACp by difference = 2.39 — 32.37- 10~®r + 4.81 - 10 “®?^ 


Substance 

3Zn(gas) 

SO2 , 

Products 

^ U. S. Bureau of Mines, BuUain 324. 


^^^298 AF 298 

+93,617 +68,751 

-69,000 -69,660 

+24,617 ^ 
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2ZnO -166,626 -151,860 

ZnS - 43,000 - 41,600 

Reactants -209,626 -193,460 

For the reaction by difference +234,243 +192,551 

AF°r= + 234,923 - 2.39r In T + 16.18-IQ-^T- - 0.80-10-®r® - 133.67’ 

Solving this for the temperatures of 727° and 1227°C (temperatures of zinc 
condenser and zinc retort), we obtain 

AFi(x)o®k = +100,193; log 7 liooo“k — —21.90 
and 

AFi 5 oo®k = "b 42,000; log Xisoq^k = ~ 6.11 

The corresponding values of K are -1.25-10““ at 1000°K and 7.76-10“’^ 
at 1500°K. If no other gases than those produced by the reaction are present, 
the stoichiometric relationships require that pza = 3pso2. From the equi¬ 
librium c.xpression 

K = p®zn-Pso2 = \p*zo 

whence 

pza = 

Numerically it is found that the partial pressure of zinc which can exist in the 
system described is less than 4.4-10“* atmospheres below 727°C and only 
0.039 atmosphere at 1227°C. 

These calculations show that at low temperatures the reaction has a large 
positive free energy in the direction written; zinc must reduce sulfur dioxide 
nearly completely to zinc sulfide and zinc oxide. At 727°C the reaction islargely 
backward and no appreciable amounts of zinc vapor can exist in equilibrium 
with sulfur dioxide. At 1227°C, as in an actual zinc retort, it seems probable 
that the reaction should occur as written to a small degree. Although the 
reaction may proceed, the resulting products on being cooled in the condenser 
would revert immediately to zinc oxide and zinc sulfide. If the gas were passed 
through a blanket of reducing carbon the sulfur dioxide would be reduced to 
sulfur vapor, but this also would cause the zinc sulfide to reappear in the con¬ 
denser. In this instance the dissociation of zinc sulfide would have to be con¬ 
sidered. Nothing is known concerning the rates of the reaction but since in 
the forward direction, as written, the rate must depend on the hiteraction at 
the solid interfaces, we may be sure that it will be slow at any temperature 
below which the vapor pressures of the solids become inappreciable, ceitainly 
below 1100“C. 

The conclusion is that the reaction may bo responsible for tire formation of 
some zinc vapor above 1100“C but that it would not be usable from a practical 
standpoint unless some means of removing sulfur vapor or sulfur dioxide from 
the system were available and at best would require a much higher tempera¬ 
ture than the reduction of the oxide by carbon. 
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723. Problem V. Determine, in tiie refining (jf lead: 

(1) Can a preferential separation be made between lead and antimony by 
reduction with carbon monoxide or hydrogen? 

(2) If liquid antimonial lead is treated with steam, to what extent may the 
antimony be preferentially oxidized? 

(1) From the literature ^ wo may obtain 

SbzOsCc) + ZCOig) = 2Sb(c) + SCO.!?) 

A//298 -164,430 3(-2(),C49) 3(-94,272) 

AF298 -149,600 3(-32,720) 3(-94,010) 

Or for the reaction AH 29 s = —38,439; AF 298 = —34,270. 

Also PbO(c) + CO(g) = Pb(c) + CO^ig) 

AHiss -52,017 -26,649 -94,272 

AF 298 -45,101 -32,720 -94,010 

Or for the reaction A //298 = —15,606; AFvjs = —16,189. 

This shows thermodynamically that both Sb^Os and PbO should be reduced 
by carbon monoxide even at ordinary temperatures. In the first reaction, 
if equilibrium could be obtained, the ratio VvoJvco would be 23-10’* and 
for lead pcoj/pco = 7.2-10“. The reducing agent is utilized so completely 
that the net effect of using carbon monoxide to reduce mixed oxides would 
be determined only by reaction rates; no preferential reduction by this means 
seems possible. 

If hydrogen gas is used instead of carbon monoxide, the reactions are: 

Sb 203 (c) + 3H2 (s) = 2Sb(c) + 3H20(g) 

A//298 -164,430 3(-57,872) 

AF 298 -149,600 3(-W,500) 

Or for the reaction AH^ = —9186; AF 298 = —13,900. 


Also 

PbO(c) + H2(!?) = 

= Pb(c) + H20(g) 

AH 29 S 

-52,107 

-57,872 

AF 298 

-45,101 

-54,500 


Or for the reaction AH-m = -5855; AF-m = -9399. 

The free energy equation of the first reaction, di\'ided by three, is 
AF° 2 . = -2295 + 2.20rin T + 1.25-10-®r2 - 20.75r 
from which the following values of K may be calculated: 

at 300°C, K = 158; at 400°C, K = 91.8; at 500°C, K = 59.6 
‘ U. S. Bureau of Mines, Reports of Investigations 3262. 
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In lead reduction, practical interest is centered on liquid lead; it is therefore 
desirable to add the equation Pb(c) = Pb(0; AH 298 = +1184; AF^gs = +1679. 
Hence 

PbO(c) + HzC?) = Pb(0 + H 20 (^?); AH 298 = -4671; AF 298 = -8783 

The free energy equation of this reaction is 

AF°t = -3716 + 3.03r In T + O.SQ-IO-^T^ - 34.427’ 

From which 

Km = 45,200, Km = 21,200, and Km = 11,650. 

The above values of K, which in each instance represent PH 20 /PH 2 , differ 
so much that a preferential separation of lead and antimony seems not im¬ 
possible. 

( 2 ) The first step is to add to the reduction reaction for gSb 203 the equation 
fSb(c) = fSb(i);AH298 = +2950; AF 298 = +2047. Whence for the reaction 

§Sb203(c) + H2(^) = §Sb(Z) + H20(^) 

AH298 = - 112 ; AF298 = -2586 

The free energy equation is: 

AF°t = +380 + l.lOTln T + 1.85-lO-®?’^ - 13.417’ 

From which 

K 300 — 10.61; Km = 9.29; Km — 7.44 

Next the assumption is made that in a lead-rich antimony bullion the activ¬ 
ity of the liquid lead remains substantially unity and the preponderance of 
lead will cause the H 2 O/H 2 ratio to approximate that in equilibrium with lead 
and lead oxide. If this is true, antimony must oxidize from the liquid lead 
solution until it is also in equilibrium with the same ratio. Algebraically 


j. PhjO PhjO .3^ 

Apb = -, Asb --A' sb(/) 

PHj PH2 

where A is the activity of antimony dissolved in the liquid lead. The lead- 
antimony alloys form nearly perfect solid solutions so that the activity of the 
antimony may therefore be taken as the mole fraction. Then 


and 


Ksb = Ffpb’A^SbCn 


log Asb;*) = fOog Ksb — Kpb) 


ftrhich relation can be interpreted as the limiting lower composition below 
which steam will no longer preferentially oxidize antimony in the bullion. 
Table 126 shows the results of these calculations. 
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TABLE 126 



Limiting 

Antimony 

Content of Steamed Bullion 

T, °C 

Log K 

Log A'pb 

Log Asb (0 

Mole Fraction 
Sb(Z) 

Sb Remaining 
in Pb, per cent 

300 

1.026 

4.655 

-5.443 

3.6M0-® 

0.00021 

400 

0.968 

4.326 

-5.037 

9.18-10-® 

0.00054 

500 

0.912 

4.066 

-4.731 

1.86-10-^ 

0.0011 

569 

0.872 

3.914 

-4.563 

2.80-10-5 

0.0016 


The figures at 300°C are hypothetical as there is not enough antimony ir 
the lead to lower the melting point to this temperature. 

Practical considerations enter into the problem. The reaction would prob¬ 
ably be carried out by “atomizing" the bullion with a jet of superheated steam, 
Whether or not the lead would subsequently coalesce so that the solid Sb20j 
dross could be removed is another question. At higher temperatures the Sb 203 
would fuse and form lead meta-antimonite, thus complicating the calculations. 
Furthermore, the successful utilization of this method would require very inti¬ 
mate contact of steam and liquid bullion and the use of as low temperatures as 
will enable the reaction to proceed at practical rates. Another calculation 
shows that to reach equfiibrium at 500°C, starting with a bullion containing 
1 per cent antimony, would require 960 pounds of steam per ton of bullion 
obviously an exorbitant quantity. ’ 
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hearth, 294 
Acid linings, 184 
Acid wash, 260 
Act, Gold Reserve, 427 
Monetary, 426-428 
Sherman, 426 
Silver Purchase, 427 
Age, Iron, 3 
Magal, 40 
Age hardening, 47 
Agitator, Pachuca, 506 
Alcoa process, 58-62 
Alkalinity, protective, 254 
Alloy, magnet, 398 
Alloys, Age of, 4 
aluminum, 46-50 
antimony, 74-75 
arsenic, 85-86, 
beryllium, 90-91 
bismuth, 97 
cadmium, 97 
chromium, 112 
cobalt, 117 
copper, 127 
copper-nickel, 129-130 
gold, 247-248 
lead, 279 

magnesium, 343-344 
manganese, 369 
mercury, 380 
molybdenum, 390 
nickel, 398 
platinum, 415 
silver, 430 
tin, 443 
tungsten, 463 
vanadium, 468 
zinc, 477 

Alumina, calcination of, 53, 56, 60 
decomposition voltage of, 64, 66 
economics of, 60-62 


Alumina, recovery of, 61, 60-62 
Aluminum, 39-71 
allo>' 2S of, 48 
alloy 3.S of. 48 
alloy 13 of, 49 
alloy 17S of, 48 
alloy 24S of, 48 
alloy 43 of, 49 
alloy 47 of. 50 
alloy 52.S of, 48 
alloy 53S of, 48 
alloy 79 of, 49 
alloy 82 of, 49 
alloy AlOS of. 49 
alloy 112 of, 50 
alloy Cl 13 of, 49 
alloy 122 of, 50 
alloy 138 of, 49 
alloy 195 of. 50 
alloy 212 of, 50 
alloy 214 of. 50 
alloy 218 of. 49 
alloy 220 of. 50 
alloy 356 of, 50 
alloys of, 46, 48-50 
Bayer process for, 51-56. 58-62 
casting alloys of, 48-49 
commercial forms of, 44 
die-casting alloys of, 49 
domestic capacity in, 42 
domestic production of, 42 
economics of, 40 
electrolyte for, 56, 64-67 
electrolytic cell for, 56, 66 
hardening of, 47 
heat-treatable, 48 
history of, 39 
Hoopes cell for, 70 
ingot, 44 
marketing of, 44 
minerals of, 49-50 
ores of, 49 
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Aluminum, other processes for, 62-64 
pig, 44 
prices of, 44 
production cost of, 44 
properties of, 43 
raw materials for, 67-69 
reduction of, 56, 64-68 
references on, 70-71 
refining of, 69-70 
sand-casting alloys of, 49 
scrap, 44, 539-540 
secondary, 44, 539—540 
statistics on, 40-A3 
stocks of, 44 
tariff on, 41 
temper of, 47 
uses of, 45-^6 
world production of, 41 
wrought alloys of, 47^8 
Aluminum hydrate, filtration of, 53, 
60 

precipitation of, 52-53, 55—56, 60 
seeding of, 52, 55, 60 
Aluminum Ore Company, 58-62 
Alunite, 63 
Amalgam, dental, 430 
sickening of, 251 
Amalgamation, 250-251 
American Zinc, Lead and Smelting 
Company, 105-107 

Anaconda Copper Mining Company, 
511-514 
Anglesite, 218 
Anode effect, 67 
mud, 214—215 
Anodes, Chilex, 233 
Duriron, 232 
graphite, 232 
iron, 232 
lead, 232 
Antimony, 72-82 
alloys of, 74—75 
Babbitt alloy of, 75 
blast furnace smelting of, 79-80 
cable covering alloy of, 75 
chemical lead alloy of, 75 
crudei 78 

economics of, 72—73 
foil alloy of, 75 


Antimony, glass, 76 
history of, 72 
liquation of, 75-76 
marketing of, 73 
metallic, production of, 78-82 
minerals of, 75 
ores, 75 

roasting of, 76-78 
pewter alloy of, 75 
prices of, 73 
properties of, 73 
references on, 82 
refining of, 81-82 
reverberatory smelting of, 79 
scrap, 541 
secondary, 541 
shrapnel alloy of, 75 
starring of, 81-82 
statistics on, 72-73 
tariff on, 73 
textroxide of, 76 
type metal, alloy of, 75 
uses of, 74 
wet methods for, 80 
world production of, 72 
Antimony trioxide, production of, 76- 
78 

Arents tap, 292 
Argentite, 431 
Argonauts, 245 
Arsenic, 83—88 
alloys of, 86 
economics of, 83-84 
history of, 83 
marketing of, 84 
metallic, production of, 87—88 
minerals of, 86 
ores of, 86 
prices of, 84 
properties of, 84 
references on, 88 
roasting of, 86-87 
statistics on, 83-84 
tariff on, 84 
uses of, 84—85 
white, 84 

production of, 86-87 
refining of, 87 
world production of, 83 
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Arsenic kitchens, 87 
Arsenopyrite, 86 
Associations, metallurgical, 9 
Aubel sj'stem, 210 
Automobile, use of metals in, 4 
Azurite, 131 

Babbitt, 75, 280 

Bag house, lead, 301-302, 321 

Balance, heat, 30 

Bar, equalizing, 210 

Barilla, 444 

Barium oxide, effect on slags of, 37 
Base bullion, 295, 303, 318 
desilverization of, 306-314 
Base charge, 549 
Basic linings, 184-185 
Basic Magnesium, Inc., 348-351 
Battery plates, blast furnace treat¬ 
ment of, 334-335 
leaching of, 335-336 
reverberatory smelting of, 336 
scrap, 534 

smelting of, 333-336 
Bauxite, 49-51 
digestion of, 51-52 
domestic, 50-51 
grades of, 51 
preparation of, 53 
Surinam, 51 

Bayer process, 51-56, 58-62 
Bedding, 291 
Beryl, 91 

decomposition of, 91 
Beryllium, 89-93 
alloys of, 90-91 
economics of, 89 
electrolysis of, 92 
history of, 89 
marketing of, 89-90 
ores of, 91 
oxide of, 91 
prices of, 89-90 
properties of, 89 
reduction of, 91-92 
references on, 93 
refractory value of, 91 
statistics on, 89 
tariff on, 89 
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Beryllium, uses of, 90-91 
world production of, 89 
Betterton process, 331-332 
Betts process, 306, 321-324 
Bichromates, production of, 114 
Bisilicate, 32 
Bismite, 97 
Bismuth, 94-101 
alloys of, 97 

commercial composition of, 98 
control of, 95 
economics of, 94-95 
history of, 91 

low-melting-point alloy of, 97 
marketing of, 95 
minerals of, 97-98 
ocher, 97 
ores of, 97-98 
prices of, 95-96 
I production of, 94 
properties of, 95 
references on, 100-101 
refining of, 100 
smelting of, 98-101 
statistics on, 94-95 
tariff on, 95 
uses of, 96-97 
wet extraction of, 99 
world production of, 94 
Bismuthinite, 97 
Bismutite, 97 
Black ores, 370 
Blanket temperature, 495 
Blast furnace, copper, 156-163 
lead, 292-294, 316-318 
tin, 445 

Blast roasting, 141, 282-286, 316 
Blende, 478, 480 

roasting of, 106, 483-485, 503-504 
512, 517 

Blister copper, analyses of, 126 187 
224 

Block tin, scrap, 534 

Blue powder, 488, 494-495 

Boehmite, 49 

Boliden Mine, 85 

Borax, 37 

Bomite, 130 

Bosh, 292 
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Bottles, 359 
Bottoms, first, 401 
second, 401 
Boxes, zinc, 261—263 
Bragite, 416 

Brass, grades of, 128-129 
secondary, 535 
Brass special zinc, 475 
Bretton Woods Conference, 428 
Brines, 344 

Bronze, grades of, 129 
manganese, 369 
Brucite, 344 
Buchner process, 63 
Bullion, base, 295, 303, 317 
dore, 266-270, 320 
lead, 294, 318 
marketing of, 544 
residue, 310, 319 

Bunker Hill and Sullivan Concen¬ 
trating Company, refinery of, 
80-81, 318-320 
smelter of, 314—320 
Burma Corporation, 281 
Burt filter, 506 
Bustle pipe, 292 

Cable covering, 75 
Cadmium, 102—108 
alloys of, 104 
casting alloy of, 97 
distillation of, 107 
economics of, 102 
electrolysis of, 105 
forms of, 103 
history of, 102 

leaching and electrodisposition of, 
104-107 

marketing of, 103 
ores, 104 

precipitation of, 107 
prices of, 103 
properties of, 103 
references on, 107—108 
roasting of, 105, 106 
statistics on, 102—103 
tariff on, 103 
uses of, 104 

world production of, 102 


Calamine, 478 

Calcination, rates of, 135—136 
Calcium molybdate, 391 
Calumet and Hecla Consolidated 
Copper Company, 19 
Carat, 247 

Carbide, cemented, 463 
Carbon, reduction with, 28 
Carbothermic process, 357-360 
Carnallite, 351 
Carnotite, 469 
Carson suit, 172 
Cartridge brass, 128 
Cassiterite, 444 

concentration of, 451-452 
leaching of, 453 
smelting of, 451—459 
Casting wheel, 307 

Cell, aluminum electrolytic, 56—57, 66 
Dow, 354-357 
Moebius, 433, 434 
Thum, 434-^35 
Cement copper, 235 
Cerargyrite, 431 
Cerussite, 282 
Chalcocite, 130 
Chalcopyrite, 130 
Change, free energy, 554 
Charge, base, 549 

Charging machine, Saeger, 488—489 
Chemical lead, 75, 281 
Chemistry, physical, applications of, 
554^65 

entropy in, 555 
entropy increase in, 555 
equilibrium constant in, 556 
free energy change in, 554 
general considerations of, 654 
heat of formation in, 654 
problems in, 658-565 
references on, 565 
specific heat in, 655-556 
Chile Copper Company, 122 
Chilling, shock, 358 
Chlorination, 269, 331, 348-350 
Chlorinators, 349-361 
Chromates, production of, 113-114 
Chromite, 112 

world production of, 110 
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Chromium, 109-114 
alloys of, 112 
economics of, 109 
electrodeposition of, 112-113 
ferro alloy of, 112-113 
history of, 109 
marketing of, 110 
minerals of, 112 
ores of, 112 
prices of, 110-111 
production of, 112-113 
properties of, 110 
references on, 114 
statistics on, 109 
tariff on, 109 
uses of, 110-112 
Chrysocolla, 131 
Cinder, 31 
Cinnabar, 380 
Clarification, 260-261 
Climax Mol 3 ’'bdenum Company, 387 
Coal, pulverized, 174, 220 
Coalesced copper, 201 
Cobalt, 115-120 
alloys of, 117 

blast furnace smelting of, 117 

cemented carbide alloy of, 117 

economics of, 115 

electrodeposition of, 119-120 

high-speed steel alloy of, 117 

history of, 115 

magnet steel alloy of, 117 

marketing of, 116 

minerals of, 117 

ores of, 117 

oxide, 116 

precipitation of, 119 
prices of, 116 
production of, 117-120 
properties of, 115-116 
reduction of, 119 
references on, 120 
statistics on, 115 
tariff on, 115 
uses of, 116 

world production of, 115 
Cobaltite, 117 
Cocks, scrap, 534 


Coinage Act, 426 
Coins, sil^•cr, 430 
Collapsible tubes, 442 
Column, smelting, 157, 292, 445 
Common lead, 280 
Complex ores, 18 
Compounds, intermetallic, 13 
Concentrate, definition of, 21 
marketing of, 553-554 
Concentration, definition of, 8 
direct smelting versus, 22 
importance of, 552 
Condensers, 359, 384, 487, 500, 519 
Conquistadores, 245 
Constant, diffusion, 138-139 
equilibrium, 556 

Continuous countercurrent decanta¬ 
tion, 234, 259 

Converter, copper, 180-190, 224, 401 
nickel, 401 
Copper, 121-244 
African, 122 
alloj's of, 127 

anode mud of, 214-215, 226 
antimony in, 124 
arsenic in, 124-125 
arsenical, 126 
beryllium. 90 
bismuth in, 124 

blast furnace for (see Copper blast 
furnace) 

blister, 126, 187, 402 
calcination of, 135-136 
casting, 126 
cement, 235, 238, 240 
chemisti-j- of roasting of, 136-138 
chloridizing roasting of, 139 
coalesced, 201 
consumption of, 127 
direct smelting of, 174-175 
domestic ores of, 131-132 
domestic situation in, 121-123 
dry methods for, 132, 134-201 
drying of, 134-135 
early uses of, 121 
economics of, 121-123 
electric smelting of, 177 
electrolytic, 126, 201-218. 224-90!? 
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Copper, electrolytic refining of, 201- 
218, 224-228 

anode mud in, 214-215, 226 
anodes in, 208-210, 224 
Aubel system of, 210 
cathodes in, 208-210, 226 
concentration in, 204-205 
current density in, 207, 226 
current efficiency in, 207, 226 
electrolyte for, 211, 226 
log of, 209 

multiple system in, 207-212 
multiple vs. series, 217-218 
polarization in, 203-205 
scrap in, 217 
series system of, 212 
theory of, 201-207 
Walker system of, 210 
Whitehead system of, 210 
factors in roasting, 144^147 
ferrite of, 137 
fire refining of, 197-201 
chemistry of, 200-201 
cycle of, 200 
fining in, 198-199 
flapping in, 198 
furnace for, 197-198 
operation of, 198-200 
overpoling in, 199 
poling in, 199 
high-grade, 131 

hydrometallurgy of, 133-134, 228- 
243 

advantages of, 229 
anodes for, 232-233 
precipitation in, 231-232 
problem in, 241-243 
roasting for, 233 
solvents in, 229-230 
washing in, 233 
ignition temperature of, 148 
impurities in, 124-125, 215-216, 224 
iron in, 125 
Lake, 126 

leaching {see Copper, hydrometal¬ 
lurgy of) 
lead in, 125 

marketing of, 126-126, 549, 650 
mechanism of roasting, 138-139 


Copper, minerals of, 130-131 
native ores of, 130 
nodulizing of, 140 
ores of, 130-131 
overpoled, 199 
oxide ores of, 130 
oxidizing roasting of, 136 
oxygen in, 124 
oxygen-free, 124 
phosphorized, 128 
poling of, 199 

precipitation of, 231-232, 235, 240 
prices of, 126 

problem in roasting, 149-150 
production by countries of, 122 
properties of, 123-124 
pyrometallurgical methods for, 132, 
134-201 

references on, 243-244 
refining of (see Copper, electro¬ 
lytic refining of) 
roasting apparatus for, 140-149 
roasting of, 134-150, 220 
scrap, 123, 533-536 
secondary, 123, 535 
selenium in, 124 
set, 198 

silver-bearing, 125, 128 

slag used in, 151-153, 223 

smelting of, 150-196, 205, 218-224 

South American, 122 

states producing, 123 

statistics on, 122-123 

sulfatizing roasting of, 137-138 

sulfide, 130-131, 223 

sulfide ores of, 130 

sulfur in, 124 

tariff on, 123 

tellurium in, 124 

tough pitch, 199 

uses of, 127 

wet methods for, 133-134, 228-241 

white, 19 

wire bar, 125 

world production of, 122 

Copper billet, 125 

Copper blast furnace, ohemistiy of, 
158-160 

flue dust in, 162, 223 
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Copper blast furnace, matte used in, 
161-162 

products of, 161, 162 
recovery in, 162-163 
slag used in, 162 
vs. reverberatory, 158 
Copper cake, 125 
Copper cathodes, 125, 226, 239 
Copper converter, acid linings of, 184 
basic linings of, 184-185 
Great Falls, 181-182 
horizontal, 182-184 
Peirce-Smith, 182-184 
slags from, 187, 223 
upright, 181-182 

Copper converting, 180-190, 224 
chemistry of, 185-186 
operation of basic, 186 
problem in, 188-190 
products of, 186-187, 223 
selective, 187-188 
slags used in, 187 

Copper electrode, polarization of, 203- 
205 

Copper electrolytes, analyses of, 211, 
226 

control of, 211-212 
evaporation of, 213-216 
purification of, 213-216 
Copper flue dust, analyses of, 192, 
223 

gases in, 125 

general considerations of, 190-191 
grades of, 126 
history of, 121 
treatment of, 195-196 
Copper ingot, 125 
Copper matte, 153-156 
analyses of, 156, 223, 401 
constituents of, 154 
grade of, 155-156 
low vs, high grade, 155-156 
Copper oxide, 130-131 
smelting of, 150-151 
Copper refinery, location of, 226-228 
Copper reverberatory furnace, char¬ 
acter of charge in, 169, 218-224 
charging methods, 169-171, 220-224 
chemistry of, 175, 177 


Copper reverberatory furnace, con 
struction of, 163-171, 220, 224 
fuels for, 173-174 
general, considerations of, 163 
heat balance of, 167 
problem in, 178-180 
products of, 171 
refractories for, 171 
trends in, 177, 220-224 
Copper slags, analyses of, 153, 223 
constituents of, 151-153 
Copper smelting, 132-196, 218-224 
deep bath, 171-173 
dry hearth, 171-173 
fume from, 193 
gases from, 191-192 
partial pyritic, 158-162 
pyritic, 158-162 
reducing, 157-158 
semi-pyritic, 158-162 
Copper smokes, composition of, 191- 
192 

Copper sulfate, decomposition volt¬ 
age of, 205-206 
Corroding lead, 280 
Cottrell treaters, 194-195, 224 
Country scrap, 532 
Couverture, 81 
Crust, gold, 306 
Cryolite, 56 

Cupellation, 308-309, 320 
Cupperite, 416 
Cuprite, 131 
Cupro-nickel, 128 
Current efficiency, 207 
Cyanicides, 254 

Cyanide process, 252-273, 270-272, 
435-448 

Decantation, continuous, countercur¬ 
rent, 234, 259 

Decomposition voltage, alumina, 64- 
66 

copper sulfate, 205-206 
zinc sulfate, 509 
Desilverization, 306-314, 318-320 
Desilverized lead, 280, 319 
Diamond Alkali Company, 351 
Diaspora, 49 
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Die casting alloy, 477 
Direct smelting, concentration versus 
22 

Dollar, gold, 426 
silver, 426 
Dolomite, 344 
Dore bullion, 266-270, 320 
Double Dwighting, 285 
Double leaching, 505 
Dow cell, 354-357 
Dow Chemical Company, 346-348 
352-357 

Dressing, ore (see Ore dressing) 
Drier, Lowden, 24, 134 
Drosses, lead, 312-313, 319-320 
Drying, 23-24 
Duralumin, 369 
Dust, zinc, 515-516 
Dwight-Lloyd roaster, 283-285 
Dwighting, double, 285 

Earth, composition of, 14r-15 
Education, metallurgical, 9 
Electric furnace, heat balance of, 30 
Electrode, bipolar, 212 
carbon, 68-69 
intermediate, 212 
preparation of, 68-69 
Soderberg, 57 

Electrode shapes, copper, 209 
Electrolyte, aluminum, 56, 64-66, 70 
beryllium, 92 
cadmium, 105 
copper, 211-216, 226 
gold, 268 
lead, 322 

magnesium, 352-354 
nickel, 404 
return, 512 
silver, 433 
spent, 512 
tin, 450 

sine, 607, 609-^10 

Electrometallurgy, definition of, 8 
Electrotype, 280 
Energy, free, 554 
Entropyf1W55 

Equilimum cef^taat, 556 

Everdiir, 868 


Fan Steel process, 464 
Faucets, scrap, 534 
Ferberite, 463 
Ferrite, copper, 137 
zinc, 484, 504 
Ferrochromium, 111, 113 
Ferromanganese, 367-369, 371 
Ferromolybdenum, 392 
Ferro tungsten, 463, 465 
Ferrovanadium, 469 
Filter, Burt, 506 
Fineness, 247 
Fining, 198-199 
First bottoms, 401 
First tops, 401 
Flapping, 198 
Flash roasting, 147—148 
Flask, 378 
Floor zinc, 307 

Flow sheet, Alcoa Combination Proc¬ 
ess, 58-62 

American Zinc, Lead and Smelting 
Company, 105-107 
Anaconda Zinc Plant, 511-514 
Bunker Hill and Sullivan Mining 
and Concentrating Company, 
314-320 

carbothermic process, 357—360 
continuous retort, 498-500 
countercurrent decantation, 259 
Dow process, 346-348, 352-357 
electrode plant, 69 
electrolytic manganese, 371-374 
electrolytic white lead, 324r-328 
electrothermic zinc, 516-523 
Fresnillo Mill, 436-438 
Great Falls Plant, 611, 614 
Inspiration Copper Company, 234- 
241 

International Nickel Company, 399- 
405 

Lake Shore Mines, 270-272 
Longhorn Smelter, 451-457 
Midvale, 104-105 
Mond process, 405-406 
Noranda Mines, 210 
Pedersen pifocess, 62 
Pidgeon process, 361 
Raritan Copper Company, 225 
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Flow sheet, Reynolds Metal Com¬ 
pany, 53-58 

Soderberg electrode plant, 57 
St. Joseph Lead, 516-520 
Straits practice, 447 
white lead, 324—328 
Wohlwill process, 268 
zinc-cadmium, 106 
Flue du.st, 190-191 
chambers for, 193-194 
copper, 192, 223 
Cottrell treater for, 194—195, 224 
fume in, 193 
gases in, 191-192 
lead, 295 

smokes in, 191-192 
treatment of, 190-196 
Fluxes, acid, 36 

barium oxide in, 37 
barren, 34 
borax as, 37 
ferruginous, 36 
impurities in, 37 
iron oxide as, 36 
limestone as, 35 
magnesia in, 37 
neutral, 36 
oxidizing, 36 
reducing, 36 
siliceous, 36 
zinc in, 37 
Fluxing, 33-35 
Follsain furnace, 78 
Forehearths, 297 
Formation, heat of, 554 
Fort Knox, gold stocks at, 247 
Franklenite, 478 
Free energy, 554 
Free milling ores, 18 
Fresnillo Mill, 435-438 
Fuel oil, 174 

Furnace, distillation, 485-488 
Follsain, 78 
Great Falls, 157 
Hegeler, 480-483 
Klepetko, 157 
residue, 310 

reverberatory, hand-raked, 140 
Scott, 381-383 


Furnace, softening, 303 
Wedge, 141-147 

Galena, 281 

Gangue, definition of, 17 
Garnicrite, 398-399 
Gas, natural, 174 
Gibb.site, 49 
Glass, antimony, 76 
Gold, 245-273 

alloys of, 247-248 

amalgam, sickening of, 251 

amalgamation of, 250-251 

buckles of, 267 

carat of, 247 

chlorination of, 252 

coinage, as|)ects of, 245, 425—128 

de\aluation of, 245 

domestic production of, 246 

dredging for, 249 

economics of, 245-246 

extraction of, 250-273 

fineness of, 247 

histor>' of, 245 

imiiorts of, 247 

marketing of, 247 

ores of, 248-249 

placer, 249 

production h>- countries, 246 
by states, 246 
properties of, 246 
references on, 273 
reserves of, 247 
rolled, 248 
sources of, 248-249 
statistics on, 245-246 
stocks of, 247 
uses of, 247 
washed, 247 
white, 248 

world production of, 246 
Gold bullion, electrolytic refining of, 
268-269 

metal ratio in, 267 
parting with acid, 267-268 
parting with chlorine, 269-270 
refining of, 267-270 
Wohlwill process for^ 268 
Gold ciaist, 306 
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Gold cyanide process, 252-273 
acid wash in, 260 
all-sliming in, 253 
chemistry of, 253-255 
choice of filter in, 260 
clarification in, 260-261 
countercurrent, decantation in, 258- 
259 

cyanicides in, 254 
decantation in, 258 
filtration in, 259-260 
flotation in, 255-256 
leaching tanks in, 257 
precipitation in, 260-266 
preparation of ore in, 255-256 
protective alkalinity in, 254 
sand leaching in, 257 
slime treatment in, 258-260 
zinc boxes in, 261-263 
Gold filled, 248 

Gold precipitate, acid treatment of, 
266 

analyses of, 265 
direct fusion of, 266 
drying of, 266 
melting of, 266 
roasting and fusion of, 266 
Gold Reserve Act, 427 
Golden Fleece, 250 
Goldschmidt process, 112 
Gossan, 36 
Grate, Stewart, 285 
Gray slag, 288 
Great Falls furnace, 157 
Greenockite, 104 
Groove, Baltimore, 211 
Gun, silica, 183 

Hadfield steel, 369 
Hall, C. M., 39 
Hard head, 446 
Hard lead, 280, 318, 333-338 
Hardening, age, 47 
Harris process, 329-331 
Heap roasting, 140 
Hearth, Newman, 287-290 
ore, 287-290 
Scotch, 287 
Hearth accretions, 294 


Heat, specific, 555-556 
Hegeler furnace, 480-483 
Herculoy, 128 

Herrenschmidt process, 77-78 
High-speed steel, 117, 463 
Hill End nugget, 249 
Hoopes process, 69-70 
Horizontal converter, 182-184 
Hubnerite, 463 

Hydrofluoric acid, preparation of, 322 
Hydromagnesite, 344 
Hydrometallurgy, definition of, 8 

Igneous baths, electrolysis of, 67 
Ingot aluminum, 44 
Inspiration Consolidated Copper 
Company, sand plant of, 236- 
241 

slime plant of, 234-236 
Institutions, metallurgical, 10 
International Mineral and Chemical 
Corporation, 351 

International Nickel Company, 399- 
405 

Iridium, consumption of, 415 
prices of, 413 
properties of, 413 
Iron oxide, 36 

Kainite, 344 
Kalunite process, 63 
Kaolin, 49 
Kieserite, 344 
Kilns, 140 

Kitchens, arsenic, 87 

Lake copper, 126 
Lake Shore Mill, 270-272 
Langbeinite, 344, 351 
Leach, neutral, 505 
Leaching, definition of, 8 
double, 505 
rate, 257 
single, 505 

Lead, arsenical compounds of, treat¬ 
ment of, 311-312 
base bullion, 295, 303, 318 
bedding of, 291 
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Lead, blast furnace smelting of, 290- 
303, 316-317 
chemical, 75, 281 
common, 280 
consumption of, 278 
corroding, 280 
debismuthizing of, 320, 332 
desilverization, 306-314, 318-321 
desilverized, 280, 319 
domestic consumption of, 278 
domestic markets for, 276 
domestic producers of, 275 
drosses, 303-304, 312-813 
economics of, 274 
effect of antimony in, 277 
effect of bismuth in, 276 
effect of cadmium in, 277 
effect of impurities in, 276-277 
effect of iron in, 277 
effect of silver in, 277 
effect of tin in, 277 
electrolytic refining of (see Lead 
electrolytic refining) 
form of, 276 
grades of, 280 
hard, 280, 333-336 
history, 274 

hydrometallurgy of, 336-338 
conversion for, 337 
leaching for, 337-338 
precipitation in, 338 
leaching of, 336-338 
marketing of, 276 
minerals of, 281-282 
prices^of, 276 

production by countries of, 274 
production by states of, 275 
properties of, 276 
red, 306 

references on, 338-339 
rich, 308, 320 
scrap, 276, 536^537 
secondary, 276, 536-537 
sintering, 282-286, 316 
slags, 296-297, 317, 333-336 
zinc in, 297, 316-318 
soft, 280 

standard specifications of, 281 
statistics on, 274 


Lead, tariff on, 275 
test, 308 
uses of, 277-279 

volatilization processes for, 338 
Waelz process for, 338 
white, electrolytic (see White lead) 
world production of, 274 
Lead alloys, 279 
composition of, 280 
Lead bag house, 301-302 
Lead blast furnace, accretions in, 294 
bullion from, 294, 303, 318 
chemistry of, 298-300 
construction of, 292-294, 316-318 
flue dust from, 298, 320 
gas from, 294, 320 
operation of, 292-294, 316-318 
problems of, 300 
products of, 294-298, 316-318 
representative charge for, 298 316- 
318 

slag from, 296-297, 317 
speiss from, 294, 311-312 
Lead bullion, desilverization of, 306- 
314, 318-321 
form of, 296 

softening of, 303-306, 318 
Lead electrolytic refining, cathodes 
for, 322 

electrodes for, 322 
electrolyte for, 322 
operation of, 323-324 
Parkes process vs., 324 
slimes from, 323-324 
Lead flue dust, 298, 320-321 
Lead ores, marketing of, 550-552 
roasting of, 282-286, 291, 316 
Lead oxides, 305-306 [331-532 

Lead refining, Betterton process in 
continuous, 309-310 ’ 

Harris process in, 329-331 
special processes for, 329-336 
use of calcium in, 331-332 
Lead roasting, 282-286, 316 
Lead smelting, recent developments 
in, 313-314 
Lead soaking, 215 
Lead softening, chemistry of, 305 
furnace for, 303. 318 
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Lead speiss, treatment of, 295, 303- 
305, 310-313 
Limestone, 35 
Linings, acid, 184 

acid or basic, 184-185 
basic, 184 
Linnaeite, 117 
Liquation, 75-76 
Litharge, 305-306, 318 
London Economic Conference, 427 
Longhorn smelter, 451-459 
Loss, slag, 32 

MacDougall roaster, 141 
Magal, Age of, 4 
Magnesite, 344, 348, 357, 360 
chlorination of, 348-351 
Magnesium, 340-365 
alloys of, 343-344 

carbothermic, condensation in, 359 
electrodes for, 358 
equilibrium data on, 358 
furnace for, 358 
raw materials for, 358-359 
sublimation of, 359-360 
consumption of, 343 
die casting alloy of, 344 
economics of, 340-341 
effect of aluminum in, 343 
effect of manganese in, 344 
effect of zinc in, 344 
electrolytic, cell for, 354-357 
dredging in cell, 356 
electrodes for, 354 
electrolyte for (see Magnesium 
chloride) 

extrusion alloy of, 344 
forging alloy of, 344 
history of, 340 
marketing of, 342 
melting of, 363-364 
minerals of, 344 
ores of, 344 

Pidgeon, briquetting for, 861 
condensers for, 361-362 
furnace for, 360-863 
operation of, 361-363 
retorts for, 361-362 
prices of, 342 


Magnesium, production of, 345-362 
properties of, 342 
references on, 364-365 
refining of, 363-364 
sand casting alloy of, 344 
statistics on, 340-341 
tariff on, 341 
uses of, 342-343 
world production of, 341 
Magnesium chloride, bath constitu¬ 
ents, 352-354 
brine as a source, 346-348 
drying of, 346 
electrolysis of, 352-357 
magnesite as a source of, 348-351 
process for, 346-351 
sea water as a source of, 346-348 
Magnesium chloride process, 345-357 
cell impurities in, 352-354 
effect of boron on, 353 
Magnesium oxide, effect on slags of, 
37 

Magnet alloy, 398 
Malachite, 131 
Manganese, 366-375 
alloys of, 369 
economics of, 366 
effect of impurities in, 373 
electrodes for, 374 
electrolysis of, 373-374 
electrolytic, 371-374 
ferro, 369 
history of, 366 
marketing of, 367 
minerals of, 369-370 
prices of, 367-368 
properties of, 367 
purification for, 373 
references on, 374-376 
roasting for, 373 
statistics on, 366 
tariff on, 367 
uses of, 367-369 
Manganese bronze, 369 
Manganese ore, 369-370 
battery, 369 
black, 370 

chemical grade of, 369 
concentration of, 370-371 
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Molj'bdenum, world production of, 
388 

Molybdite, 390 
Mond process, 405—406 
Monel, 398 

Monetary system, 426-428 
Mud, anode, 214-215, 226, 323 
red, 51, 58-62 
Muff, 362 

Multiple system, 207—212 

comparison with series, 218 
Muntz metal, 128 

Native ores, 19 
Natural gas, 174 
Neutral leach, 505 

New Jersey Zinc Company, 471, 498— 
500 

New scrap, 13, 532 
Newman ore hearth, 287—291 
Nicaro Nickel Company, 406-409 
Niccolite, 399 

Nichols-Herreshoff roaster, 141 
Nichrome, 398 
Nickel, 394-410 
alloys of, 398 

ammonia process for, 406—409 
bottoms of, leaching of, 402—403 
carbonyl, 396, 405-406 
cathode, 396 
consumption of, 397 
cube, 396 

economics of, 394r-395 
electrol 3 rtic, 40S-4O5 
anodes for, 403 
cathodes for, 405 
cell for, 404 
electrolsrte for, 404 
first bottoms of, 401 
first tops of, 401 
forms of, 396 
grain, 396 
history of, 394 
marketing of, 396 
minerals of, 398—399 
Monel process for, 405-^506 
prices of, 396 
properties of, 395—396 
references on, 409 


Nickel, salts of, 396 
scrap, .542 

second bottoms of, 401 
second top.? of, 401 
secondary, 542 

separation of copper from, 401—40 
statistic? on, 394—393 
tariff on, 395 
uses of, 396—398 
wet process for, 402-403 
world production of, 395 
Nickel matte, converting of, 401 
leaching of, 402-403 
Nickel ores, 398—399 

reduction of .silicate, 399 
reduction of sulfide, 399-406 
roasting of, 400-401 
smelting of, 399-403 
Nickel oxide, 396, 403 
black, 403 
green, 402 
Nickel pellet, 396 
Nickel rondelle, 396 
Nickel silver, 128, 129, 398 
Nodulizing, 140 
Non-metals, properties of, 14 
Noranda smelter, 218-224 
Noumeite, 398 

Ocher, bismuth, 97 
OU, fuel, 174 
Old scrap, 13, 532 
Olivine, 344 
Open schedule, 545 
Orange red, 85 
Ore, acid, definition of, 20 
argillaceous, 20 
basic, definition of, 20 
black, 370 

calcareous, definition of, 20 
characteristics of an, 16 
classification of, 18 
complex, definition of, 18 
concentrating, 20—22 
custom, 544 
definition of, 15 
direct smelting of, ^ 
drying of, 23 
examples of, 16—17, 23 
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Ore, ferruginous, 20 
free-milling of, 18 
hearth, 282-290 
chemistiy of, 290 
high vs. low grade, 20 
marketing, 544-553 
deductions in, 546 
penalties in, 546 
premiums in, 546 
native, definition of, 19 
o.xide, definition of, 19 
references to, 25 
refractons definition of, 18 
sampling of, 548 
self-fiu.xing, 35 
side, 292 

siliceous, definition of, 20 
simple, definition of, 18 
straight, definition of, 18 
sulfide, definition of, 20 
tenor of, 23 

treatment, base charge for, 546, 
value of, 16 
weighing of, 24 

Ore dressing, ad\-antages of, 20-21 
balance §heet of, 22 
definition of, 8, 20-22 
disadvantages of, 21 
Orpiment, 85 
Osmium, prices of, 413 
properties of, 413 
Overpoling, 199 
0\ervoltage, 206-207 
O.xide, cobalt, 116 
ease of reduction of, 27 
heat of formation of, 65 
reduction of, 27 
tension of, 27 
zinc (see Zinc oxide) 

Oxychloride, bismuth, 99 
Oxygen-free copper, 201 

Pachuca tank, 506 
Palladium, consumption of, 415 
prices of, 413 
properties of, 413 
Parkes process, 306-314, 318^21 
by-produQts of, 310-313, 318-321 
cupellation in, 308-309, 320 


Parkes proce.ss, distillation in, 308 
320 

dro.s.scs from, 310-313, 319-321 
luinciiiles of, 306 
refining by, 307-308, 318-321 
zincking, 306, 319 
Patio proce.ss, 376 



Patronite, 469 
Pattinson process, 306 
Pcdei>cn process, 62 
Peirce-Smith con\erter, 182-184, 401 
Pentlandite, 399 
Periodicals, metallurgical, 9 
Permalloy, 398 
Pero.sa iiroce.ss, 92-93 
Pct,samo, 394 
Pewter, 75, 280, 534 
Physical chcmistrj% application of 
554-565 

Pidgeon proce.ss, 360-363 
Pig aluminum, 44 

Plates, storage battery (see Battery 
plates) 

Platinum, 411-418 
alloys of, 415 
alluvial, 416 
consumption of, 415 
crude, treatment of, 416 
economics of, 411 

liigh-temperature wire allov of, 415 

historv’- of, 411 

hypodermic alloy of, 415 

jewelry alloy of, 415 

marketing of, 412-413 

minerals of, 416 

ores of, 416 

prices of, 413 

properties of, 413 

references on, 418 

spinneret, alloy of, 415 

sponge, 417 

statistics on, 411-412 

tariff on, 412 

uses of, 414 

world production of, 412 
wrought dental alloy of, 415 
Plumbum album, 439 
Plumbum negrum, 439 
Poling, 199 
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Polarization, 203—205 
concentration, 204^205 
Pregnant solution, 259 
Prime Western, 475 
Process, Alcoa, 58-62 
Bayer, 51—62 
Betterton, 331-332 
Betts, 321-324 
carbothermic, 357—360 
cyanide, 252—273, 435-438 
electrolytic manganese, 371-374 
Fan Steel, 464 
Goldschmidt, 112 
Harris, 329—331 
Herrenschmidt, 77—78 
Hoopes, 69—70 
Kalunite, 63 

magnesium chloride, 345—357 
Merrill-Crowe, 263—265 
metallurgical, physical chemistry of 
(see Chemistry, physical) . 
Patio, 376 
Pedersen, 62 
Perosa, 92—93 
Pidgeon, 360-363 
roast reaction, 282—290 
Sunshine Mine, 80 
Tainton, 516 
top-and-bottom, 401—403 
Waelz, 338 
Walthall, 63-64 
V/oblwill, 268 

Producer gas reaction, 491—493 
Prolongs, 487 
Protective alkalinity, 254 
Public schedule, 545 
Pulverized coal, 174 
Pyrolusite, 369 

Psn'ometallurgy, definition of, 8 

Quicksilver (see Mercuiy) 

Badiators, automobile, scrap, 534 
Raritan Copper Works, 224—226 
Reaction, autogenous, 28 
producer gas,* 491—493 
Realgar, 85 
Red lead, 306 
Red mud, 51, 58-62 


Reducibility, 29—30 
Reduction, autogenous, 28 
self-propagating, 28 
Refractory ores, 18 
Residue bullion, 310, 319 
furnace, 310, 319 
retort, 495 

treatment of, 495—496 
Resources, mineral, 6 
Retorts, 361-362, 486 
Return electrolyte, 236, 504 
Reynolds Metal Company, 53-58 
Rhodium, prices of, 413 
properties of, 413 
Rhodocrosite, 369 
Rhodonite, 369 
Rich lead, 308, 320 
Roast reaction process, 282—290 
Roaster, Dwight-Lloyd, 283—285 
flash, 147 
Hegeler, 480-483 
MacDougall, 141 
multiple hearth, 141—149 
Nichols-Herreshoff, 141 
Wedge, 141-147 
Roasting, apparatus for, 140 
autogenous, 139 
blast, 141, 282-286, 291, 316 
factors in, 136—140 
flash, 147-148 
heap, 140 
suspension, 147 
Rock ice, 67 
Rolled gold, 248 
Roscoelite, 469 
Rusty gold, 251 
Ruthenium, prices of, 413 
properties of, 413 

Saeger machine, 488—489 
Salt cake, 36 

San Francisco Conference, 428 
Schedules, public, 545 
Schedules, smelting, 545-549 
base charge on, 549 
bonuses on, 548 
copper ores on, 549—550 
delivery on, 547 
general provisions of, 547—549 
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Schedules, smelting, lead ores on, 550- 
552 

metal prices on, 548 
moisture on, 547 
open, 545 
penalties on, 548 
references on, 553 
role of concentration on, 552 
sampling on, 548 
splitting limits on, 548 
taxes on, 547 
time of payment on, 548 
weighing on, 548 
weights on, 549 
zinc ores on, 552 
Scheelite, 463 
Schools, metallurgical, 10 
Scoria, 31 
Scotch hearth, 287 
Scott furnace, 381-383 
Scrap, conservation of, 532 
copper, classification of, 533-534 
country, 532 

effect on metal prices, 533 
new, 13, 532 
nickel, 534 
old, 13, 532 
Sea water, 344 
Second bottoms, 401 
Second tops, 401 

Secondary metals {see Metals, sec¬ 
ondary) 

Seeding, 52, 55 , 60 
Selenium, 419^24 
economics of, 419 
history of, 419 
marketing of, 420 
ores of, 421-422 
prices of, 420 
production of, 421^22 
properties of, 419 
recovery of, 422-423 
references on, 424 
sources of, 420-421 
statistics on, 419 
uses of, 420-421 
world production, 419 
Self-fluxing, 35 
Series, electrochemical, 29 


Scries system, 212 
Serpentine, 344 
Sesquisilicate, 32 
Set copper, 198 
Settler, 293 

Sheet, starting, 208, 209 
Sherman Act, 426 
Shock-chilling, 358 
Shot, 280 
Shrapnel, 75 
Silica, 36 
Silica gun, 183 
Siliceous ores, 20 
Silver, 425-438 
alloys of, 430 
bearing alloy of, 430 
consumption of, 429 
economics of, 425-428 
government reser\-es of, 428 
history of, 425 
minerals of, 430-431 
native, 430 
nickel, 128-129 
ores of, 430-431 

place in monetary svstem of 426- 
428 

prices of, 429 
properties of, 428 
Purchase Act, 427 
references on, 438 
sources of, 430 
statistics on, 425-428 
sterling, 430 
subsidy to, 426-428 
treatment of ores of, 431-438 
uses of, 429-430 
Silver bullion, Moebius refining of 
433-434 

Thum refining of, 434, 435 
Silv^er crust, 307 
Silver cyanidation, 431-438 
precipitation in, 432, 433 
solution regeneration in, 435 
strength of solution in, 431-432 
Simple ores, 18 
Single leaching, 505 
Singulosilicate, 32 
Sinterer, Dwight-Lloyd, 283-285 
Siphon tap, 292 
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Slag loss, 32 

Slagging, principles of, 26 
Slags, 31—38 

classification of, 32-33 

copper, 151-153, 162, 171, 223 

cost of, 31 

definition of, 26 

ferrous, 33 

fluidity of, 32 

formation point of, 31 

free-running temperature of, 31 

fusibility of, 33 

general considerations of, 31 

gray, 288 

lead, 296-297, 317 
melting point of, 31 
non-ferrous, 33 
non-silicate, 37 
properties of, 31—32 
quarter, 296 
references on, 38 
specific gravity of, 32 
typical, compositions of, 33 
uses of, 37—38 
waste, 37-38 
Sliming, 257 
Smaltite, 117 
Smelter, custom, 544 
Smelting, definition of, 8 
direct, 174-175 
matte, 26—27 
principles of, 26 

Smelting schedules (see Schedule, 
smelting) 

Smithsonite, 478 
Smokes, basic, 195 
non-conducting, 195 
Societies, metallurgical, 9 
Sodium molybdate, 390 
Soft lead, 280 
Softening, 303—306, 318 
Solder, common, 280 
plumber’s, 280 
silver, 430 

Solution, pregnant, 259 

Specific heat, 565-666 

Speiss, cobalt, treatment of, 117—118 

Spelter, 471 

Spent electrolyte, 612 



Sphalerite, 478 
Spiauter, 471 
Spiegeleisen, 369, 371 
Splitting limits, 548 
Starring, 81—82 
Starting sheet, 208-209 
Steel, die, 463 
Hadfield, 369 
nickel, 398 
stainless, 398 
Stellite, 117 
Stephanite, 431 
Stereotype, 280 
Sterling silver, 428, 430 
Stibnite, 75 
Stockpiling, 7 

Storage batteries, treatment of, 333 
336 

Straight ores, 18 
Stripping tanks, 209, 213 
Stupp, 385 

Subsidy, silver, 426-428 
Subsilicate, 32 
Sunshine Mine Process, 80 
Supercooling, 13 
Sweat tin, 448 
Sweepings, 532 
Sylvite, 351 
System, Aubel, 210 
series, 212 
Walker, 210 
Whitehead, 210 

Tailing, definition of, 21 
Tainton process, 516 
Talc, 344 

Tank, Pachuca, 506 
Tank house, log of, 209 
Tanks, stripping, 209 
Tap, Arents siphon, 292 
Tellurium, 419—424 
economies of, 419 
history of, 419 
marketing of, 420 
ores of, 421-422 
prices of, 420 
production of, 421—422 
properties of, 419 
recovery of, 423-424 
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Tellurium, references on, 424 
sources of, 420--421 
statistics on, 419 
uses of, 420-421 
world production of, 419 
Temper, hard, 47 
soft, 47 

Temperature, blanket, 495 
free-running, 31 
ignition, 148 
initiation, 27 
Terne, high-tin, 280 
low-tin, 280 
Test, 308 
Tetrahedrite, 130 
Thum process, 434 
Tin, 439-459 
alloys of, 443 

American electrolytic, 449-451 
Banca, 449 

blast furnace smelting of, 445 
block, 534 

consumption of, 442 

domestic production of, 456 

economics of, 439-441 

electrolytic refining of, 449-451 

future of domestic, 456-457 

history of, 24-25, 439 

Longhorn smelter for, 449, 451-457 

marketing of, 441-442 

ores of, 444 

Penang, 449 

pig, composition of, 449 
prices of, 441-442 
properties of, 441 
references on, 459 
refining of, 447-450 
reverberatory smelting of, 445 
scrap, 537-538 
secondary, 457-459, 537-538 
Singapore, 449 
smelting of, 444-457 
smelting of slags used in, 446 
statistics, 439-441 
sweat, 448 
tariff on, 441 
uses of, 442, 443 
washed, 444 

Williams and Harvey, 449 


Tin, world production of, 440 
Tin sand, 444 
Tin stone, 444 

Top-and-bottom process, 401-403 
Tops, first, 401 
second, 401 
Tough pitch, 199 
Trapped spout, 292 
Treater, Cottrell, 194-195, 224 
Trisilicate, 32 
Tubes, collapsible, 75 
Tungsten, 460-465 
alloys of, 463 

cemented carbide alloy of, 463 
die steel alloy of, 463 
economics of, 460-461 
Fan Steel process for, 464 
ferro-, composition of, 463 
history of, 460 
marketing of, 461-462 
metallic, production of, 464^65 
minerals of, 463 
ores of, 463 

concentration of, 463-464 
prices of, 461-462 
properties of, 461 
references on, 465 
statistics on, 460-461 
tariff on, 461 
tool steel alloy of, 463 
uses of, 462 

world production of, 460 ' 

Type metal, 75, 280 

Upright converter, 181-182 
Utah Copper Company, 17 
United Verde Extension Company 
131 

Vanadinite, 469 
Vanadium, 466-470 
alloys of, 468 
economics of, 466 
ferro-, 469-470 
history of, 466 
marketing of, 467 
metallic, production of, 470 
minerals of, 468-469 
ores of, 468-469 
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Vanadium, prices of, 467 
properties of, 467 
references on, 470 
statistics on, 466 
tariff on, 467 
uses of, 468 

world production of, 466 
Vat, leaching, 237, 257 
Voltage, decomposition, 64r-66, 205— 
206, 509 

Waelz process, 338, 479, 523-524 

Walker system, 210 

Wall accretions, 294 

Walthall process, 63—64 

Wash, acid, 260 

Washed tin, 444 

Waste heat, recovery of, 196 

Wedge roaster, 141—147 

Welcome nugget, 249 

Well, lead, 292 

West Point, silver stocks at, 428 
Wetherill grate, 524 
White arsenic, 84 
White copper, 19 
White lead, electrolytic, 324-328 
cell for, 325-326 
chemistry of, 328 
electrolyte for, 327-328 
Whitehead system, 210 
Wohlwill process, 268 
Wolframite, 463 

World War II, aluminum in, 41-42 
antimony in, 73 
beryllium in, 89—90 
bismuth in, 95 
cadmium in, 102 
chromium in, 109 
coal, consumption of, 6-7 
cobalt in, 115 
copper in, 123 
gold in, 246 
lead in, 275 
magpiesium in, 341 
manganese ore in, 367 
mercury in, 377 
molybdenum in, 387-388 
nickel in, 306 
platinum in, 412 


World War 11, raw materials, con¬ 
sumption of, 6 
silver in, 428 
tin in, 439—441 
tungsten in, 461 
vanadium in, 467 
zinc in, 474 
Wulfenite, 390 

Zinc, 471-531 

acid-soluble, 603-506 
alloys of, 477 
analyses of, 475 
babbitt alloy of, 477 
Brass Special, 475 
brazing alloy of, 477 
cadmium recovery from, 104—107, 
507 

commercial, impurities in, 475-476 
companies producing, 478 
compounds of, 477-478 
condensers for, 487, 500, 519 
consumption of, 476 
continuous reduction of, 491—493 
crude, refining of, 497 
die casting use of, 477 
distillation of, 485—503 

batch, charge for, 487—488 

charging machine for, 488—489 
chemistry of, 485, 490—492 
condenser for, 487 
losses in, 489 
operation of, 496—497 
physical chemistry of, 490—495 
prolongs in, 487 
retorts for, 485—490 
blanket temperature in, 495 
continuous, 498—500 

briquetting for, 498—499 
condensers for, 500 
retorts for, 500 

distillation, furnace for, 486—488, 
498-603 

distilled, percentage of, 478 

domestic industry in, 473—474 

dust, 516-516 

economics of, 471—474 

effect of impurities in, 476-476, 609 



INDEX 


5i 


Zinc, electrolytic, ampere efficiency 
of, 510 

Anaconda plant for, 511-514 
batch vs. continuous, 507-508 
casting of, 513 
deposition of, 503-511 
double leaching for, 505 
effect of impurities in, 509 
electrolyte for, 507-510 
filtration in, 506 
future of, 514-515 
leach residue from, 508 
leaching for, 504-509 
low vs. high current density, 516 
percentage of, 478 
period of deposition of, 510 
roasting for, 503-504 
single leaching for, 505 
solution purification for, 507 
theory of, 509 
electrothermic, 516-523 
ferrite, 484-504 
floor, 307 

foreign industry in, 472 
fume, deleading of, 529-530 
densification of, 529-530 
fuming, 516-525 
Bunker Hill plant for, 525-530 
coke preparation for, 517 
condensation in, 519, 520 
electric arc in, 520-521 
reduction in, 517-518 
use of lead slug in, 522 
High Grade, 475 
history of, 471 
impurities in, 475-476 
intermediate, 475 
leaching, 504-^06 
marketing of, 474 
minerals of, 478 
prices of, 475-476 
primary, percentage of, 478 

) > 


Zinc, Prime Western, 475 
production of, 478-530 
properties of, 474 
redistilled, percentage of, 478 
reduction, thermodynamics of, 491 
493 

references on, 530 
scrap, 537 
secondary, 537 
silver solder alloy of, 477 
smelting, physical chemistry of, 
490-495 

specifications for standard, 475 
statistics on, 471-474 
tariff on, 474 
uses of, 476-477 
water-soluble, 483 
Zinc blende, 480 
Zinc boxes, 261-263 
Zinc dust, preparation of, 515-516 
Zinc ores, calcining of, 478-485 
content of, 478 

continuous reduction of, 491-493 
direct smelting of, 502, 503 
distillation of, 485-490 
Hegeler furnace for roasting 480- 
483 

marketing of, 552 
reduction with methane, 501 
roasting of, 479^85 
roasting for distillation, 480 
roasting for leaching, 483 
roasting in Wedge, 483-485 
sintering of, 484, 517 
standard grade of, 478 
sulfuric acid from, 483 
Zinc oxide, 523-525 
direct process, 524-525 
fuming processes for, 523-525 
indirect process, 524 
Zincite, 478 
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